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Abstract
The continued operation of the Wide-field Infrared Survey Explorer (WISE) combined with several ground-
based optical transient surveys (e.g., CRTS, ASAS-SN and PTF) offer an unprecedented opportunity to explore
the dust structures in luminous AGNs. We use these data for a mid-IR dust reverberation mapping (RM) study
of 87 archetypal Palomar–Green quasars at z . 0.5. To cope with various contaminations of the photometry
data and the sparse time sampling of the light curves, procedures to combine these datasets and retrieve the
dust RM signals have been developed. We find that ∼70% of the sample (with a completeness correction, up
to 95%) has convincing mid-IR time lags in the WISE W1 (∼ 3.4 µm) and W2 (∼ 4.5 µm) bands and they
are proportional to the square root of the AGN luminosity. Combined with previous K-band (∼ 2.2 µm) RM
results in the literature, the inferred dust emission size ratios are RK : RW1 : RW2 = 0.6 : 1 : 1.2. Under simple
assumptions, we put preliminary constraints on the projected dust surface density at these bands and reveal
the possibly different torus structures among hot-dust-deficient, warm-dust-deficient and normal quasars from
the reverberation signals. With multi-epoch Spitzer data and later WISE photometry, we also explore AGN IR
variability at 10–24 µm over a 5 yr time-scale. Except for blazars and flat-spectrum radio sources, the majority
of AGNs have typical variation amplitudes at 24 µm of no more than 10% of that in the W1 band, indicating
that the dust reverberation signals damp out quickly at longer wavelengths. In particular, steep-spectrum radio
quasars also lack strong 24 µm variability, consistent with the unification picture of radio-loud AGNs.
Keywords: galaxies:active — galaxies:Seyfert — quasars:general — infrared:galaxies— dust, extinction
1. Introduction
The circumnuclear dusty structures in active galactic nuclei
(AGNs) bridge the gap between the black hole (BH) accretion
disk and the host galaxy interstellar medium (ISM) and lay the
foundation for AGN unification proposals (Antonucci 1993;
Urry & Padovani 1995; Netzer 2015). However, due to their
complex geometry and small sizes, it is very challenging to
characterize torus structures as well as the properties of the
constituent dust grains.
Infrard (IR) reverberation mapping (RM) opens a window
to peek inside the so-called AGN dusty torus. When the
UV/optical emission of the BH accretion disk changes, the
varying signal travels at the speed of light to the torus, caus-
ing it to react as reprocessed emission in the IR but with a
time lag. We can analyze the optical and IR light curves
of AGNs to retrieve spatial information reflected in the re-
sponse of the torus to changes in irradiation from the cen-
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tral engine. The procedure is similar to the RM originally
proposed by Blandford & McKee (1982) and widely applied
to study the broad-line regions (BLRs) and accretion disks
(e.g., Peterson et al. 2004). The time lag of the IR emis-
sion was originally reported for the Seyfert 1 galaxy Fairall
9 by Clavel et al. (1989) and soon after analyzed in terms of
RM to constrain the AGN dusty circumnuclear structure by
Barvainis (1992). The behavior was subsequently observed
for a number of AGNs; the most noteworthy work is the
systematic study of time lags between the near-IR (K-band)
and the optical of∼30 Seyfert-1 nuclei through ground-based
monitoring. The results follow an R ∝ L1/2 size-luminosity
relation, as expected if there is a similar dust sublimation tem-
perature in all the sources (e.g., Oknyanskij & Horne 2001;
Suganuma et al. 2006; Lira et al. 2011; Koshida et al. 2014;
Pozo Nuñez et al. 2014; Mandal et al. 2018; Ramolla et al.
2018).
Glass (2004) conducted a JHKL (1.25–3.45 µm) long-term
monitoring program of 41 Seyfert nuclei and reported ten-
tative time-lag measurements between the U (∼ 0.36 µm)
and L (∼ 3.45 µm) bands for five objects. Given the sta-
ble and cool space environment, high-precision photometry
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was made possible by the IRAC instrument on Spitzer and
a mid-IR dust reverberation study was carried out at 3.6 and
4.5 µm and reported for the reddened type-1 AGN in NGC
6418 (Vazquez et al. 2015). However, due to the limitations
in observing at 3–5 µm from the ground and the difficulty and
cost of carrying out long-term coordinated ground- and space-
based targeted observations, no other detailed reverberation
studies in this wavelength range are available.
Now there is a new possibility to conduct systematic dust
RM at 3–5 µm for bright AGNs with the continued operation
of theWide-field Infrared Survey Explorer (WISE). Launched
in 2009 December, this satellite performed a mid-IR all-sky
survey, was put into hibernation, and then reactivated as the
Near-Earth Object WISE (NEOWISE) mission for asteroid
hunting (Mainzer et al. 2014). The telescope completes an
all-sky map roughly every 6 months and had provided photo-
metric data with 12–13 epochs that cover a time period of 8
yr by the end of 2018. The AGNs in Seyfert galaxies studied
by Koshida et al. (2014) had typical luminosities up to about
3× 1011 L⊙ and reverberation time delays at this luminos-
ity are expected to be ∼ 100 days, i.e., too short to be sam-
pled well at the NEOWISE cadence. However, the cadence
is satisfactory for more luminous AGNs. When combined
with ground-based wide-field optical transient surveys, these
mid-IR multi-epoch data can be used to explore the dust re-
verberation signals close to the spectral energy distribution
(SED) peak of the AGN hot dust emission at ∼ 3 µm for
the first time. Given the depth, range, and sky coverage of
these surveys, this approach has the potential to draw general
conclusions about the structure of a typical AGN and the sur-
rounding material in a statistically meaningful way. In this
paper, we will demonstrate how to make the best use of these
public datasets and present the results from an RM analysis at
3–5 µm of 87 z< 0.5 Palomar-Green (PG) quasars.
Despite the presence of terrestrial atmospheric windows
at 10 and 20 µm, few studies of AGN IR variability are
available there because of the sensitivity limitations of
ground-based telescopes in the thermal IR. Nonetheless,
studies of individual blazars have found large-amplitude co-
ordinated variations from the visible through 10 µm (e.g.,
Rieke & Kinman 1974). Neugebauer & Matthews (1999)
reported a broader-based study based on coordinated data
at J(1.27µm), H(1.65µm), K(2.23µm), L′(3.69µm), and
N(10.6µm) of 25 PG quasars over several decades. They
concluded that the blazar 3C 273 (PG 1226+023) was the
only source that clearly varied at the N band and another
radio-quiet quasar, PG 1535+547 might also be variable in
this band, since its light curve mimicked the pattern seen at
the shorter wavelengths. With the data collected for a large
sample of AGNs repeatedly observed by Spitzer and WISE,
we will provide an updated study of AGN variability behavior
at 12 µm and 24 µm over a timescale of 4–5 yr and establish
its relation with IR variability at shorter wavelengths.
This paper is organized as follows. We describe the data
and the compilation of multiband light curves in Section 2.
To retrieve the dust reverberation signals rigorously, Section 3
introduces a newmethod for the cross-correlation analysis be-
tween the low-cadence optical and mid-IR light curves. We
present the results from the 3–5 µm dust RM analysis, as well
as the 10–24 µm variability study, in Section 4. Discussion
about the origin of AGN mid-IR variability, the circumnu-
clear dust structure, and its relation to the BLR can be found
in Section 5. Section 6 is the final summary.
Some technical details are left to appendices. Appendix A
evaluates the quality of the photometric survey data used. We
provide the derivations that relate time lag to torus size in Ap-
pendix B. In Appendix C, we reexamine the Seyfert 1 sample
whose variability in the K band was studied by Koshida et al.
(2014).
Throughout this paper, we adopt the cosmology Ωm =
0.27, ΩΛ = 0.73 and H0 = 71km s−1Mpc−1.
2. Photometric Data and Light Curves
2.1. Data Ensemble
The primary sample used for our mid-IR dust reverberation
study is all 87 PG quasars at z< 0.5 (Schmidt, & Green 1983;
Boroson, & Green 1992). For the 24 µm variability study, we
also included 33 members of this PG sample plus another 106
quasars within the same redshift range to increase the statisti-
cal significance. Table 1 and Figure 1 provide an overview of
the time-series datasets that have been used in this work. We
present the details below.
Figure 1. Time coverage and wavelength sampling of the different
time-series datasets used in this work. We also show the intrinsic
SED shape of the normal AGN template at z = 0.15 (mean redshift
of the PG sample) along the Y -axis and highlight the separation be-
tween the UV–optical bump and the IR bump with dotted blue line.
2.1.1. Optical Data from Ground-based Transient Surveys
We collected optical photometry of the PG quasars from
the Catalina Real-Time Transient Survey (CRTS; Drake et al.
2009). This program utilizes two Steward Observatory tele-
scopes, a 1.5 m telescope on Mt. Lemmon, Arizona, and
a 0.68 m telescope on Mt. Bigelow, Arizona. Both survey
the northern sky, covering timescales from minutes to years.
All images are unfiltered and processed using the SExtrac-
tor package with the standard aperture photometry. With a
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Table 1. Time-series datasets used in this work
name sky coverage λ depth time coverage time gap Nepoch Nobject
Ground-based Optical Data
CRTS (DR2) northern sky (survey) unfiltered (∼0.4–0.9 µm) MV ∼13–19 mag 2005–2013 1–30 days ∼100–150 83(PG)
ASAS-SN all sky (survey) V (∼ 0.55 µm) MV ∼10–17 mag 2012–2018 1-10 days ∼200–300 87(PG)
PTF (DR3) northern sky (survey) g′ (∼ 0.48 µm) Mg′ ∼14–21.3 mag 2009–2014a 76(PG)
R (∼ 0.66 µm) MR ∼14–20.6 mag 2009–2014a
Space-based Mid-IR Data
WISE/NEOWISE all sky (survey) W1 (∼ 3.4 µm) W1∼8–16.6 mag 2010–2018 6 months 12–13 87(PG)
W2 (∼ 4.6 µm) W2∼7–16.0 mag 2010–2018 6 months 12–13 87(PG)
W3 (∼ 12 µm) W3∼3.8–10.8 mag 2010 – 1–2 87(PG)
W4 (∼ 22 µm) W4∼ −0.4–6.7 mag 2010 – 1–2 87(PG)+106
Spitzer all sky (targeted) MIPS 24 µm – 2004–2009 3–4 years 2–3 33(PG)+106
IRS spec. (5–35 µm) – 2003–2009 – 1 87(PG)
a only selected g- and R-band data are available after Jan 1, 2013 (through Jan 28, 2015) in this data release
sequence of 30 s exposures, the 1.5 m can reach as faint as
mV ∼ 21.5 while the 0.68-m limit is mV ∼ 19. Photometry for
sources brighter thanV = 13 can be problematic due to source
saturation and nonlinearity of the response. We gathered the
2005-2013 photometry values from the public archive of the
second data release. According to Graham et al. (2017), the
published error model of the CRTS archival photometry is
problematic, and we follow their methodology to make the
necessary corrections to these data.
We also utilized the V -band optical data from the All-Sky
Automated Survey for Supernovae (ASAS-SN, Shappee et al.
2014), which are publicly available at the ASAS-SN light-
curve servers (Kochanek et al. 2017). The data were ob-
tained through a global network of 20 14 cm diameter tele-
scopes (camera lenses) with commercial-level CCD cameras
that have observed nearly the entire sky continuously since
2012. The image FWHM is ∼16′′with an ∼8′′pixel size. The
photometry is measured with a 2 pixel radius aperture, and the
background is estimated with a 7 pixel radius annulus. Typ-
ical photometric uncertainties are less than 0.075 mag. The
calibration is done by observing nearby APASS stars. Typi-
cally, ASAS-SN photometry saturates at 10-11 mag, and the
depth is roughly mV ∼ 17 under good weather conditions.
Finally, we gathered the optical time-sequence photometry
for the PG quasars from the Palomar Transient Factory (PTF;
Law et al. 2009) Data Release 3 (DR3), which includes all
data collected during the survey from 2009 March to 2012
December and some selected data obtained from 2013 to 2015
January. The PTF data nicely fill the time gap between the
CRTS and ASAS-SN light curves. This survey was done with
the Palomar 48 inch (1.2m) Samuel Oschin Telescope with
a typical 2.′′0 FWHM imaging resolution. The photometry
was taken mostly through two broadband filters, SDSS-g′ and
Mould-R, reaching 4σ limiting AB magnitudes of mg′ ∼ 21.3
and mR ∼ 20.6 in 60 second exposures. Both bands saturate
at ∼ 14 mag.
Since PG 1226+023 (also known as 3C 273) is saturated
in CRTS and PTF, we have looked for alternative datasets
to build its optical light curve. In fact, this object had been
systematically monitored from late 2008 to the middle of
2018 as part of the Steward Observatory (SO) spectropolar-
metric monitoring project (Smith 2016).1 These observations
were carried out with the SPOL CCD spectropolarimeter
(Schmidt et al. 1992) at either the SO 2.3 m Bok Telescope on
Kitt Peak or the SO 1.54m Kuiper Telescope onMt. Bigelow.
By convolving the spectra with a standard Johnson V -band
filter, ∼ 300 photometric measurements with high signal-to-
noise (S/N) covering 10 yr are available. We also collected
the V -band photometry of 3C 273 with the Light Curve Gen-
erator (LCG) on the AAVSO website2, which archives pho-
tometry from various facilities of bright variable objects. We
omitted measurements flagged as being discrepant or having
measurement uncertainties>0.1 mag. The AAVSO data pro-
vide an optical light curve for 3C 273 from 2005 to 2019.
2.1.2. Multi-epoch Mid-IR Photometry from WISE and NEOWISE
The WISE mission performed an all-sky survey in four
bands at 3.4, 4.6, 12, and 22 µm, from 2010 January through
2010 October. Then the telescope carried out a 4month NE-
OWISE program using the first two bands without cryogen
before going into hibernation in 2011 February. In 2013 De-
cember,WISE was reactivated and began the post-hibernation
survey (the NEOWISE reactivation mission, or NEOWISE-R).
WISE/NEOWISE-R observes the entire sky roughly every 6
months. All of the single-epoch images have been processed,
and profile-fit photometry of each detection has been carried
out by a dedicated pipeline.3
We gathered all of the single-epoch profile-fit photometry
measurements in the W1 (∼ 3.4 µm) and W2 (∼ 4.6 µm)
bands from the WISE and NEOWISE missions, up to the NE-
OWISE 2019 Data Release, from the NASA/IPAC Infrared
Science Archive. Typically, these data cover a time period
1 http://james.as.arizona.edu/~psmith/Fermi/
2 https://www.aavso.org/lcg
3 See details in http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/
and http://wise2.ipac.caltech.edu/docs/release/neowise/expsup/
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from 2010 January to 2018 December with a 3 yr gap between
2011 and 2014. Each object was observed for 12–13 epochs,
with 10–20 exposures acquired within each epoch. To con-
struct the mid-IR light curves, we only used detections from
good-quality frame sets, following the suggestions given in
the online documentation.4
2.1.3. 10–25 µm measurements from Spitzer and WISE
To test for variability at λ > 20 µm, we obtained MIPS
24 µmmeasurements (PID 40053 and PID 50099; PI: George
Rieke) of a heterogeneous sample of quasars that had been
measured at the same wavelength by Spitzer for various pre-
vious observing programs. All of the observations were con-
ducted during the Spitzer cryogenic mission from 2004 to
2009 and sample a time interval of 3–4 yr. The entire sample
was observed twice, while a subset of nearly 60 objects was
observed during a third epoch roughly 1 yr after the second-
epoch observation. To best utilize the instrumental stability
and minimize subtle possible systematic effects, these AGNs
were observed in exactly the same manner for all epochs.
In this way, systematic effects associated with different du-
rations for data collection events (DCEs) or a different total
number of exposures are eliminated. In all cases, flux density
measurements of the AGNs at 24 µm were obtained using
the standard MIPS photometry-mode astronomical observa-
tion template (AOT) with either 3 or 10 s DCEs.
All observations were processed using the standard reduc-
tion algorithms of the MIPS Data Analysis Tool (DAT) with
the same processing steps and calibrations on all targets for
both observations (Gordon et al. 2005). This included sub-
sampling the detector array pixels by a factor of 2 to pro-
duce final mosaicked images of 363 × 401 pixels2 (∼ 7.′5
× 8.′3). Aperture photometry using the DAOPHOT package
(Stetson 1987) within IRAF was performed on the calibrated
mosaicked 24 µm images. The default parameters of the aper-
ture photometry include an aperture of 24 pixels (∼ 30′′) and
a sky annulus for background subtraction of 60–90′′ from the
center of the photometric aperture. In a few cases, smaller
apertures were used to avoid contamination by nearby field
objects. Flux densities were calculated using an aperture cor-
rection of 1.105 and a conversion factor of 0.0454 MJy sr−1
(DN s−1)−1 (Engelbracht et al. 2007). No color corrections
have been applied to the photometric results.
Because the reductions are identical for all the mea-
surements of each object, the relative brightness is de-
termined very accurately; i.e., for repeated measurements
of standard stars, MIPS achieved repeatability of ∼ 0.4%
(Engelbracht et al. 2007). Because the quasars are much
fainter than the stars and hence less immune to faint back-
ground structures, we ascribe a systematic error of 0.7% (see
Section 4.4.3) and combine it with the statistical errors by
root sum square. We rejected a small number of sources de-
tected at S/N < 5, where the systematic errors may be larger.
The measured fluxes and resulting errors for the remaining
sample of 139 quasars are provided in Table 2.
Table 2. Quasar flux measurements at 24 µm and the variability results
Name z JD f24 error stdev comments
-2,450,000 mJy mJy of change
2MASX J00070361+1554240 0.114 3194.8 63.5 0.7 RQ
4676.2 62.9 0.7 0.6
5376a 63.3 2.6 0.2
PG0026+129 0.142 3747.4 43.2 0.7 RQ
4677.8 43.2 0.7 0.0
5382 44.1 3.8 0.2
2MASS J00300421-2842259 0.278 3550.2 125.1 1.0 RQ, IRASF00275-2859
4675.4 124.7 1.0 0.3
5362 122.7 3.9 0.5
2MASS J00411870+2816408 0.194 3195.3 74.5 0.8 RQ
4514.7 73.6 0.8 0.9
5392 76.6 2.5 1.2
2MASX J00505570+2933281 0.136 3218.3 58.0 0.6
4514.7 57.3 0.7 0.8
5394 57.3 2.3 0.0
PG0052+251 0.154 3217.8 68.7 0.7 RQ, W4 high due to strong 18 µm featureb
Table 2 continued
4 That is, frame quality score qual_frame>0, frame im-
age quality score qi_fact>0, South Atlantic Anomaly separa-
tion saa_sep> 0, and Moon masking flag moon_masked=0, see
http://wise2.ipac.caltech.edu/docs/release/neowise/expsup/sec2_3.html
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Table 2 (continued)
Name z JD f24 error stdev comments
-2,450,000 mJy mJy of change
4509.2 68.9 0.7 0.2
5393 76.0 2.4 2.9
· · · · · · · · · · · · · · · · · · · · ·
a For midpoint of theWISE observations
bThe strong 18 µm feature in the spectrum of this source (Shi et al. 2014) combined with the ∼1 µm bluer bandpass of the W4 filter
compared with the MIPS one can account for the higher signal seen by WISE.
c Steep-spectrum radio quasar (SSRQ) indicates that the spectral index between 1.4 and 5 GHz is ≤ −0.7. Radio data obtained from
summary in NASA Extragalactic Database (NED) and other sources. (see Section 4.4 for details.)
dBlazars are identified from Mao et al. (2016) and additional sources, see text.
e Flat-spectrum radio quasar (FSRQ) indicates that the spectral index between 1.4 and 5 GHz is > −0.7.
f This source is radio-intermediate by our criteria, but radio-loud using others (Laor et al 2019); given its flat spectrum also, we classify
it as radio-loud.
NOTE— (This table is available in its entirety in machine-readable form. A portion is shown here for guidance regarding its form and
content.)
To extend the time sampling to 2010, we collected WISE
W4 measurements nominally at 22 µm for 136 of these ob-
jects from the ALLWISE Source Catalog. One WISE mea-
surement was rejected because of confusion with a nearby
source. TheW4 and MIPS [24] photometric bands are simi-
lar, with a cut-on wavelength at 19.87 µm (half power) for the
former and 20.80 µm for the latter, with the long wavelength
response determined by the Si:As IBC detectors in both cases.
Low-resolution (λ/∆λ ∼60–130) mid-IR spectroscopic
observations of all 87 PG quasars were obtained using the
Spitzer IRS. By comparing them with the WISE W3 andW4
photometric measurements, we can study quasar variability at
10–22µm. For the Spitzermid-IR spectra, we adopted the op-
timal extraction products from the CombinedAtlas of Sources
with Spitzer IRS Spectra (CASSIS; Lebouteiller et al. 2011).
Besides PG 0003+199 (no Long-Low module observation at
14–38 µm) and PG 1352+183 (very poor Short-Low spectra
at 5.2–14 µm), the mid-IR spectra cover ∼5.2–24 µm for
all objects and with good S/Ns. Compared with the WISE
measurements in 2010, these Spitzer/IRS spectra were typ-
ically obtained 5 yr earlier. For PG 1226+023 (3C 273),
multiple Spitzer/IRS observations were conducted between
2004 and 2009, making possible the construction of mid-IR
light curves over a wide wavelength range. For the WISEW3
and W4 measurements of these PG quasars, since no con-
vincing variability has been reported in these bands over the
9-month cryogenicmission by theWISE pipeline, we adopted
the profile-fit photometry values from the ALLWISE source
catalog.
2.2. Construction and Evaluation of the Light Curves
In the optical and mid-IRW1,W2 bands, we have sufficient
data to sample light curves for many years. In this section, we
discuss the procedures developed for this purpose.
2.2.1. Optical
Typically, the CRTS data cover MJD∼53500–56500, and
the ASAS-SN data cover MJD∼56000–58300, with an over-
lap of about 500 days. We rely on these datasets to construct
the optical light curves for most objects. The CRTS data gen-
erally have smaller relative uncertainties. However, the abso-
lute values of the unfiltered photometry are hard to interpret,
so we scaled the CRTS data to match the ASAS-SN data in the
region of overlap; the latter have photometry measurements
obtained through a standard V-band filter and calibrated by
nearby standard stars. Since CRTS and ASAS-SN observa-
tions have different time samplings, we interpolated the ob-
served values with the same time grid by fitting a Damped
Random Walk (DRW) model to the CRTS and ASAS-SN
light curves separately and computed an average scaling fac-
tor for the best-fit model light curves with the shared time
periods.
To demonstrate the validity of using the combined unfil-
tered CRTS and V-bandASAS-SN light curves to trace the ac-
cretion disk variability, we compare the derived best-fit DRW
parameters for these two datasets in Figure 2. We have used
JAVELIN (Zu et al. 2013) to fit the slightly smoothed opti-
cal light curves5 and the derived best-fit parameters using a
MCMC analysis. They are in excellent agreement despite the
large uncertainties of individual values, suggesting the CRTS
and ASAS-SN light curves trace identical variability proper-
ties. In terms of the wavelength dependence of the AGN op-
tical continuum variability, Jiang et al. (2017) found the aver-
age time delays between g (∼ 0.48 µm) and z (∼ 0.91 µm) are
less than six days for quasars with LAGN, bol ∼ 1011–1013 L⊙.
This is at least one order of magnitude smaller than the dust-
reverberation lags our data can probe. Consequently, we do
5 A one-day smoothing window is introduced for both CRTS and ASAS-
SN light curves to reduce the photometry uncertainties before the fittings.
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not need to make any corrections for the filter differences be-
tween the CRTS and ASAS-SN datasets. In fact, we have also
visually checked the CRTS and ASAS-SN combined light
curves of individual objects, finding that they have consistent
features as revealed by the PTF light curves. Figure 3 gives
some examples of how this model works on real data.
Figure 2. Comparisons of the best-fit DRW model parameters from
fitting the ASAS-SN and CRTS light curves separately with the
JAVELIN code. The left panel shows the amplitude σ of the fitted
covariance function and the left panel is the corresponding damp-
ing timescale. We denote the average parameter ratio with the cor-
responding standard deviation between CRTS and ASAS-SN light
curves on the top of each panel.
Among 87 PG quasars, four objects (PG 0804+761, PG
0838+761, PG 1100+772 and PG 1427+480) do not have
CRTS observations. In these cases, we join the PTF data and
ASAS-SN data together to extend the time coverage of their
optical light curves. PG 1354+213 and PG 1416-129 are too
faint for the ASAS-SN photometry to be useful. We have also
dropped the CRTS light curve of PG 1226+023 since the pho-
tometry measurements are saturated.
For some objects, there are spike features in the optical light
curves, which commonly turned out to be one single photom-
etry measurement larger (or smaller) than the nearby aver-
age values by 1–2 mag. This is quite likely unrelated to the
AGN itself, but caused by e.g., poor seeing conditions, cal-
ibration errors, or contamination such as cosmic rays. We
rejected such data points by introducing 3-sigma clipping and
smoothed the final optical light curve by averaging the re-
maining measurements taken within a single day to reduce
the noise.
In the bottom-right panel of Figure 3, we compare the
optical V-band light curves of PG 1226+023 from different
sources. Although AAVSO and ASAS-SN measurements
have larger dispersions than the data obtained from dedicated
monitoring with the Steward Observatory (SO) telescopes,
these light curves reveal the same variability patterns for this
object. We decide to adopt the SO light curve for the correla-
tion analysis between the optical and mid-IR variability and
combine it with the AAVSO data to increase the time sam-
pling range if required.
2.2.2. WISE W1 and W2
A single WISE epoch normally contains 10–20 7.7-second
individual exposures with a total time coverage of about one
day. For the mid-IR variability traced by the WISE data, we
have first visually investigated the consistency of WISE W1
and W2 single-exposure photometry: they should have sim-
ilar variability features given their small wavelength differ-
ence. This is confirmed for the available epochs of most ob-
jects. For PG 1259+593, PG 1534+580 and PG 1700+518,
there are only 1–2 photometry spikes in the single-epoch light
curves and they can be easily rejected. There are uncorrelated
W1 and W2 variability signals in 1/3 of the epochs for PG
0923+129. Finally, PG 1617+175 has many abnormal W1-
band photometry values in the two epochs observed in the
cryogenic survey, whose variability features are not found in
the W2 band. We have rejected these problematic measure-
ments.
We are interested in the response signal of the dust emis-
sion; the signal in the WISE bands will therefore arise near
the inner radius of the torus around the central engine and any
variations should be much slower than one light day. There-
fore, we averaged the photometry values during each 1-day
epoch to compile the mid-IR light curve, i.e.,
fepoch =
1
N
N∑
i=1
fi . (1)
Standard deviations of the single-exposure photometry were
also derived to estimate the measurement uncertainties for
each epoch. In addition, uncertainties in photometric mea-
surements (σi,pho) as well as the system stability (σs.s.) need to
be considered, so the total flux uncertainty for a given epoch
is
σ2epoch =
1
N −1
N∑
i=1
( fi − f¯ )2 +
1
N2
N∑
i=1
σ2i,pho +
1
N
σ2s.s. . (2)
In Appendix A, we study the photometric stability of WISE
and NEOWISE using mid-IR calibration stars, finding σs.s. ∼
0.029 mag forWISEmeasurements and σs.s. ∼ 0.016 mag for
NEOWISE measurements.
For both optical and mid-IR light curves, we converted
magnitudes into flux to better reflect the variability signals
from the AGN, since various contaminations (e.g., AGN host
galaxy, nearby objects) and photometry zero point uncertain-
ties would only cause a constant flux shift.
In Table 3, we provide a summary of available light curve
data and their basic properties for the PG sample. Interested
readers may contact the authors directly to get a copy of these
light curves.
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Figure 3. Example optical light curves of PG quasars. The magnitude measurements from ASAS-SN (purple), CRTS (green) and PTF (red)
are shown with the original values in their catalog without any shifts. The final combined light curves (blue data points) are shifted by 1 mag
for clarity. For PG 1226+023 (bottom-right panel), we compare its light curves from AAVSO (grey, shifted by −0.5 mag), ASAS-SN (purple,
no shift) and observations obtained with two Steward Observatory telescopes (black, shifted by +0.3 mag).
Table 3. Summary of Available Data and Basic Variability Properties
Name Optical Sources δMV MJD(V) Nepoch V ∆V MJD(IR) Nepoch W1 ∆W1 W2 ∆W2
CRTS ASAS-SN PTF
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
PG0003+158 I I II 0.19 53648.3–58281.1 325 15.63 1.03 55376.1–58459.7 13 12.27 0.06 11.22 0.11
PG0003+199 I I II 0.33 53648.3–58281.1 382 14.16 0.46 55377.8–58461.4 14 8.75 0.54 7.84 0.43
PG0007+106 I I III 0.42 53520.5–58282.1 344 15.43 0.85 55375.0–58458.8 13 10.55 0.38 9.58 0.27
PG0026+129 I I III 0.32 53520.5–58282.1 381 15.33 1.82 55379.5–58463.5 13 11.10 0.24 10.10 0.19
PG0043+039 I I III 0.14 53563.4–58284.1 260 15.91 0.78 55559.1–58463.5 11 12.02 0.16 10.95 0.12
PG0049+171 I I N.A. 0.28 53636.4–58281.1 369 15.57 1.20 55203.5–58311.3 13 11.79 0.24 10.84 0.19
PG0050+124 I I III 0.41 53636.4–58273.1 380 14.12 0.54 55387.5–58309.8 12 8.77 0.30 7.77 0.21
PG0052+251 I I III 0.26 53561.4–58138.7 378 15.40 1.00 55206.4–58314.9 16 11.08 0.20 10.09 0.18
PG0157+001 I I II 0.22 53627.4–58158.5 315 15.46 0.82 55210.8–58319.8 13 10.80 0.43 9.81 0.31
PG0804+761 N.A. I I 0.22 55312.3–58271.7 388 14.25 0.75 55284.5–58398.4 14 9.37 0.33 8.34 0.22
PG0838+770 N.A. I I 0.22 55312.3–58257.8 180 15.95 1.00 55286.8–58400.7 15 11.58 0.31 10.66 0.27
PG0844+349 I I II 0.24 53495.2–58254.8 385 14.36 0.82 55305.2–58418.5 11 10.49 0.29 9.63 0.22
Table 3 continued
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Table 3 (continued)
Name Optical Sources δMV MJD(V) Nepoch V ∆V MJD(IR) Nepoch W1 ∆W1 W2 ∆W2
CRTS ASAS-SN PTF
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
PG0921+525 I I II 0.27 53714.4–58260.8 383 14.36 0.93 55305.9–58422.9 18 10.24 0.55 9.30 0.41
PG0923+201 I I III 0.29 53469.2–58228.6 352 15.24 0.95 55319.5–58432.8 12 10.48 0.16 9.55 0.11
PG0923+129 I I II 0.45 53500.2–58264.5 421 14.26 0.56 55321.7–58434.8 12 10.16 0.36 9.27 0.31
PG0934+013 I I III 0.30 53464.2–58223.7 347 15.56 0.76 55327.8–58440.6 13 11.34 0.82 10.41 0.77
PG0947+396 I I III 0.24 53537.2–58252.8 168 16.41 1.02 55318.0–58431.2 15 11.75 0.44 10.59 0.43
PG0953+414 I I II 0.09 53711.4–58261.4 337 14.88 0.84 55318.3–58431.6 14 10.74 0.27 9.76 0.17
PG1001+054 I I II -0.08 53464.2–58246.6 298 16.17 1.82 55332.6–58445.1 12 11.42 0.24 10.41 0.25
PG1004+130 I I II 0.19 53527.2–58264.5 256 15.33 0.60 55330.7–58443.3 13 11.58 0.18 10.48 0.13
PG1011-040 I I III 0.31 53496.1–58230.6 364 14.93 0.78 55340.5–58453.2 13 11.08 0.25 10.21 0.24
PG1012+008 I I III 0.27 53464.2–58228.6 335 15.62 1.02 55339.3–58448.9 12 11.36 0.35 10.37 0.23
PG1022+519 I I II 0.21 53714.4–58271.8 263 15.41 0.81 55318.4–58431.8 15 11.35 0.42 10.53 0.42
PG1048+342 I I III 0.22 53496.0–58275.8 227 16.52 0.71 55332.0–58444.6 15 12.36 0.24 11.34 0.27
PG1048-090 I I III -0.51 53707.7–58233.5 345 15.44 0.62 55350.8–58462.9 14 11.98 0.06 10.97 0.06
PG1049-005 I I N.A. 0.23 53464.3–58230.7 303 15.99 0.99 55347.7–58459.8 12 11.22 0.10 10.10 0.07
PG1100+772 N.A. I I 0.23 55294.4–58281.8 338 15.26 0.64 55297.3–58410.9 14 11.29 0.17 10.23 0.17
PG1103-006 I I III -0.07 53464.3–58231.9 310 16.05 1.11 55351.0–58462.9 13 12.21 0.08 11.09 0.10
PG1114+445 I I II 0.18 53531.2–58280.8 261 15.83 0.86 55331.7–58451.9 18 10.88 0.10 9.73 0.11
PG1115+407 I I N.A. 0.16 53527.2–58280.8 307 15.76 0.65 55334.1–58446.5 15 11.33 0.22 10.42 0.13
PG1116+215 I I III 0.17 53469.3–58283.8 373 14.71 1.83 55345.2–58457.6 12 10.02 0.26 9.01 0.23
PG1119+120 I I III 0.26 53498.2–58283.8 368 14.62 0.96 55349.6–58461.6 12 10.55 0.27 9.55 0.14
PG1121+422 I I N.A. 0.14 53527.2–58280.8 261 16.25 1.17 55334.3–58452.1 17 12.13 0.38 11.15 0.38
PG1126-041 I I II 0.19 53496.2–58230.5 375 14.48 0.63 55357.4–58263.6 13 9.70 0.30 8.78 0.27
PG1149-110 I I III 0.54 53479.2–58275.8 360 15.11 3.18 55364.7–58271.2 12 11.06 0.55 10.34 0.57
PG1151+117 I I II 0.13 53466.2–58283.8 230 16.15 1.40 55356.8–58259.8 12 11.87 0.51 10.87 0.30
PG1202+281 I I II 0.14 53470.3–58254.9 238 16.35 1.16 55352.1–58463.8 14 11.42 0.44 10.48 0.32
PG1211+143 I I II 0.13 53466.3–58284.0 364 14.55 0.89 55360.1–58266.3 11 10.06 0.26 8.96 0.27
PG1216+069 I I I 0.13 55270.4–58282.8 272 13.42 0.57 55364.1–58270.3 12 11.63 0.14 10.68 0.10
PG1226+023 III I N.A. 0.00 55956.1–58283.8 299 12.87 0.61 55370.4–58274.3 12 8.41 0.16 7.45 0.11
PG1229+204 I I II 0.29 53469.3–58282.8 424 14.89 0.66 55361.5–58267.6 15 10.64 0.48 9.73 0.42
PG1244+026 I I II 0.31 53767.3–58283.8 276 15.82 0.74 55374.2–58277.9 12 11.63 0.08 10.58 0.06
PG1259+593 I I II 0.06 53767.3–58279.8 309 15.44 0.62 55336.9–58452.8 16 11.25 0.18 10.22 0.13
PG1302-102 I I N.A. 0.16 53496.2–58274.7 347 15.21 0.68 55208.7–58286.7 13 11.38 0.24 10.28 0.17
PG1307+085 I I N.A. 0.14 53466.3–58283.8 315 15.62 0.74 55377.2–58280.7 12 11.41 0.28 10.36 0.23
PG1309+355 I I II 0.15 53526.2–58284.9 360 15.36 0.64 55362.7–58268.9 17 11.14 0.13 10.07 0.08
PG1310-108 I I N.A. 0.26 53496.2–58274.7 349 15.24 0.62 55210.2–58288.5 13 11.21 0.16 10.08 0.20
PG1322+659 I I II -0.04 53860.4–58279.8 281 15.56 0.87 55330.8–58451.9 18 11.48 0.33 10.48 0.23
PG1341+258 I I II 0.06 53470.3–58283.9 375 15.63 1.16 55204.0–58281.2 16 11.49 0.37 10.66 0.30
PG1351+236 I I III 0.27 53470.3–58284.9 356 15.27 0.80 55207.3–58291.2 17 11.37 0.31 10.74 0.34
PG1351+640 I I II 0.00 53767.5–58284.9 390 14.77 0.76 55337.1–58453.2 17 10.28 0.08 9.19 0.11
PG1352+183 I I II 0.18 53469.4–58284.9 272 16.13 0.80 55208.9–58291.4 16 11.71 0.31 10.68 0.28
PG1354+213 I III II 0.00 53469.4–56447.2 80 16.64 0.78 55208.4–58291.3 17 12.69 0.50 11.56 0.48
PG1402+261 I I II 0.08 53470.3–58283.9 363 15.61 0.65 55208.4–58285.9 16 10.60 0.25 9.54 0.22
PG1404+226 I I N.A. 0.13 53469.4–58284.9 298 15.80 0.77 55209.7–58287.8 15 11.81 0.24 10.89 0.19
PG1411+442 I I II 0.22 53509.4–58284.8 355 14.73 0.67 55372.8–58276.5 15 10.11 0.16 9.07 0.16
PG1415+451 I I II 0.17 53509.4–58284.8 317 15.79 0.74 55372.7–58276.5 15 11.33 0.44 10.44 0.33
PG1416-129 I III N.A. 0.00 53498.3–56478.5 100 16.92 0.74 55222.9–58306.4 13 12.30 0.43 11.32 0.37
PG1425+267 I I II 0.18 53470.3–58281.9 224 16.36 1.00 55212.5–58293.7 17 11.98 0.09 10.88 0.07
PG1426+015 I I II 0.25 53464.4–58283.9 378 14.32 0.66 55221.0–58304.2 13 9.95 0.26 9.06 0.17
PG1427+480 N.A. I I 0.25 54962.3–58284.8 402 16.39 2.28 55373.0–58276.8 15 12.25 0.15 11.18 0.11
PG1435-067 I I N.A. 0.22 53497.3–58283.9 330 15.80 0.84 55225.1–58308.8 13 11.40 0.29 10.34 0.20
PG1440+356 I I II 0.17 53480.3–58281.9 390 14.61 0.72 55211.4–58292.7 17 9.93 0.23 9.07 0.23
PG1444+407 I I III 0.16 53509.4–58281.9 313 15.71 0.75 55209.3–58291.4 18 11.36 0.15 10.33 0.14
Table 3 continued
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Table 3 (continued)
Name Optical Sources δMV MJD(V) Nepoch V ∆V MJD(IR) Nepoch W1 ∆W1 W2 ∆W2
CRTS ASAS-SN PTF
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
PG1448+273 I I II 0.15 53470.4–58283.9 382 14.72 0.64 55217.2–58299.9 18 10.94 0.41 10.05 0.33
PG1501+106 I I II 0.28 53466.4–58282.9 403 14.29 0.64 55225.8–58309.5 14 10.19 0.30 9.20 0.21
PG1512+370 I I II 0.23 53480.3–58281.9 277 16.19 1.04 55217.9–58300.5 18 12.19 0.09 11.07 0.10
PG1519+226 I I II 0.20 53506.3–58284.9 355 15.86 1.08 55225.9–58309.6 16 10.82 0.34 9.88 0.21
PG1534+580 I I II 0.31 53856.4–58281.8 344 14.55 0.44 55203.3–58278.5 16 10.41 0.51 9.44 0.47
PG1535+547 I I II 0.17 53880.5–58284.8 404 14.67 0.71 55203.1–58291.3 18 9.91 0.55 9.07 0.42
PG1543+489 I I II 0.06 53531.3–58277.9 202 16.24 0.82 55216.8–58299.2 19 11.52 0.13 10.40 0.13
PG1545+210 I I II 0.37 53506.4–58284.9 324 15.98 0.96 55232.7–58320.9 17 11.62 0.24 10.56 0.23
PG1552+085 I I III 0.12 53466.4–58284.9 379 15.59 0.81 55241.0–58325.8 15 11.58 0.37 10.66 0.31
PG1612+261 I I II 0.06 53470.4–58281.9 413 15.42 0.99 55241.2–58325.9 16 11.01 0.15 10.10 0.15
PG1613+658 I I II 0.15 53856.4–58281.9 330 14.65 0.57 55355.0–58464.9 18 10.16 0.14 9.15 0.09
PG1617+175 I I II 0.12 53469.4–58283.8 420 15.16 0.88 55245.4–58330.4 16 10.40 0.30 9.48 0.27
PG1626+554 I I II 0.19 53505.4–58281.8 341 15.65 1.03 55221.1–58304.2 17 11.39 0.24 10.47 0.18
PG1700+518 I I II 0.18 53505.4–58281.2 374 14.89 0.49 55242.8–58327.9 17 10.26 0.04 9.20 0.04
PG1704+608 I I II 0.18 53856.4–58284.9 347 15.34 0.91 55223.3–58306.5 16 10.79 0.06 9.73 0.06
PG2112+059 I I III 0.19 53466.5–58284.0 415 15.42 0.77 55330.9–58416.8 13 10.99 0.12 9.83 0.07
PG2130+099 I I II 0.31 53466.5–58284.0 419 14.54 0.76 55336.4–58422.1 14 9.56 0.34 8.59 0.25
PG2209+184 I I II 0.41 53480.5–58284.0 385 15.54 0.87 55348.9–58439.7 15 11.40 0.50 10.61 0.62
PG2214+139 I I II 0.31 53554.4–58282.1 396 14.42 0.49 55348.5–58439.6 13 9.77 0.12 8.88 0.07
PG2233+134 I I II 0.19 53531.4–58284.0 276 16.34 0.96 55355.1–58440.4 15 12.04 0.19 10.88 0.16
PG2251+113 I I II 0.33 53531.4–58282.0 340 15.67 0.63 55358.4–58443.3 12 10.98 0.03 10.07 0.04
PG2304+042 I I II 0.51 53553.4–58281.6 362 15.14 2.28 55358.5–58443.5 12 11.04 1.01 10.42 1.05
PG2308+098 I I II 0.17 53506.5–58282.0 283 16.06 1.11 55361.6–58446.5 11 12.02 0.24 10.93 0.23
NOTE— Col. (2)-(5): the optical data status: I – used to build the light curve, II – used to check the data consistency, III – not useful either due to limited time samplings
or poor data quality, N.A. – data is not available; col. (6), (10): the range of Modified Julian Date that the final optical and IR light curve covers; col. (7), (11): number
of data points in the light curves; col. (8), (12), (14): the average magnitude of the light curves; col. (9), (13), (15): the variation amplitude of the light curves.
2.3. Converting the Mid-IR Measurements at λ > 10 µm for
Comparison
We do not have sufficient data to construct light curves in
the 10–25 µm range, but can assess variability by compar-
ing the individual measurements. We describe here how we
extended this comparison beyond just the MIPS 24 µm data.
2.3.1. WISE W4 to MIPS [24]
To convert the WISE W4 measurements to the MIPS [24]
system, we first eliminated all the quasars in our sample that
we found to vary, plus those with W4 measurement errors
≥ 0.08 magnitudes. These cuts left 95 quasars with high-
weight measurements in both systems. We took the zero point
for [24] to be 7.17 Jy and based the [24] magnitude on the
weighted average of the two measurements of each quasar.
A linear fit, which is specific to quasar SEDs, results in a
transformation equation of
W4− [24] = 0.014± 0.036+ (0.024±0.015)× (W3−W4) .
(3)
We applied Equation 3 to the WISE data and assigned the
date corresponding to the averaged modified Julian Date of
the WISE single-exposures from the WISE All-Sky Data Re-
lease Source Catalog. To allow for uncertainties in the trans-
formation as well as potential systematic uncertainties in the
WISE measurements, we augmented the quoted errors by
0.02 magnitudes (see Appendix A), as the root sum square
with the nominal error. We then calculated the change be-
tween the weighted average of the first Spitzer measurements
and theWISE one. Table 2 shows the transformedWISEmea-
surement, its estimated uncertainty, and the number of stan-
dard deviations difference between it and the Spitzermeasure-
ments. Sources with changes > 3σ between the Spitzer and
WISEmeasurements and among Spitzer measurements them-
selves are indicated as variable in the comments column.
The slope coefficient in Equation 3 is consistent with zero,
so we have tested the reliability of the results by simply av-
eraging the ratios of the two measurements to derive a color-
independent transformation. Using these results slightly in-
creased the apparent significance level of the changes, typ-
ically by about 0.1 sigma. In general, there would be no
change in the designation of variable sources with this alter-
native transformation with the exception of Cygnus A, which
is changed from being marginally not variable (2.5 σ) to
marginally variable (3.4 σ). That is, the results are relatively
robust against modest errors in the transformation. This is not
surprising, given how closely the W4 and MIPS [24] bands
resemble each other.
The MIPS-measured sample includes 33 of the 87 z < 0.5
PG quasars (plus 106 additional AGN). To investigate the
longer wavelength AGN IR variability for the complete PG
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sample, we compared their WISEW3 (∼ 12 µm) and W4 (∼
22 µm) measurements and Spitzer/IRS spectra (Houck et al.
2004). We adopted the profile-fit photometry from the ALL-
WISE Source Catalog, whose measurements were carried out
on the co-added image atlas since little variability was de-
tected in PG quasars at these wavelengths. Due to the wide
passbands of W3 and W4 as well as the calibration uncer-
tainty of the W4 Relative Spectral Response (Wright et al.
2010), we introduced flux corrections by increasing the W3
band by 17% and decreasing the W4 band by 10%, based on
the typical fν ∼ ν−1 SED shape of unobscured quasars at these
wavelengths, as suggested by the Explanatory Supplement to
the WISE All-Sky Data Release Products.6
2.3.2. Synthesis Photometry from Spitzer/IRS Spectra
To be compared with the measurements in WISE W3 and
W4 bands, we stitched the Spitzer/IRS spectra from different
module observations together and computed synthetic pho-
tometry by convolving the spectral flux with the correspond-
ing photometry Relative Spectral Response curves. For the
synthesis photometry uncertainty, we convolved the total er-
ror spectra, which include statistical and systematic errors7,
with the relative photometry curves.
3. Reverberation Analysis Methods
In contrast to the reverberation mapping analysis of the op-
tical emission lines, the transfer functions of the dust mid-IR
response are greatly complicated by the radiation transfer of
an IR optically-thick torus, whose structures, density profile,
grain properties and the inclination angle to the observer are
poorly known (e.g., Kawaguchi & Mori 2011; Almeyda et al.
2017). With the sparse cadence of the infrared light curves, it
is not very meaningful to fit these data with the simulated re-
verberation response of any specific torus model. Instead, we
develop a “minimalist” method to retrieve the most important
properties of the torus by comparing the IR and optical light
curves.
3.1. Constraining the Optical Continuum Variability
The optical continuum variability of bright AGNs is well
described by a damped randomwalk (DRW) (e.g., Kelly et al.
2009; Kozłowski et al. 2010; MacLeod et al. 2010; Zu et al.
2011). In this model, the quasar optical light curves can be
reproduced as a stochastic process and the covariance func-
tion follows S(∆t) = σ2 exp(−|∆t/τDRW|), where σ is the am-
plitude and τDRW is the damping timescale. We use JAVELIN
(Zu et al. 2013) to fit the optical light curves with the DRW
model and fill the time gaps with the model values.8
6 See details in http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html.
7 See http://irs.sirtf.com/Smart/CassisProducts
8 The DRW model is also known as the simplest of the continuous-time
autoregressive moving average process models (CARMA(1,0) or CAR(1)).
Despite its wide use, evidence for deviations from the CAR(1) model for
AGN optical light curves has been found (e.g., Mushotzky et al. 2011;
Graham et al. 2014) and some authors have suggested that higher order
CARMA models should be adopted (e.g., Kelly et al. 2014; Kasliwal et al.
The damping timescale τDRW is known to have correlations
with AGN luminosity (Kelly et al. 2009; Zu et al. 2011). In
Figure 4, we confirm such a correlation also exists by mod-
eling our stitched optical light curves; the trend extends the
work by Zu et al. (2011) to higher luminosity. The consis-
tency demonstrated in Figure 4 shows that, despite their rel-
atively low quality, the optical light curves compiled from
these ground transient surveys should be good enough to pro-
duce meaningful results. In addition, the characteristic vari-
ability timescales, as traced by τDRW, are so long that aver-
aging flux measurements and smoothing light curves (intro-
duced later) would not introduce much in the way of system-
atic uncertainty. Finally, the optical variability timescales are
typically larger than the∼200 days per epoch cadences of the
mid-IR light curves, thus the dust reverberation signals should
be detected with the sparsely sampledWISE data.
Figure 4. Rest-frame DRW damping timescale, τDRM, of the optical
light curves as a function of AGN bolometric luminosity, LAGN, bol,
for PG quasars (filled black dots) and the AGN sample studied by
Zu et al. (2011) (open green dots).
3.2. Retrieving Dust Reverberation Signals
Traditional analyses of the dust reverberation signals were
focused on calculating time lags between two light curves by
cross-correlation. Although we use this method later to con-
firm the results, the low cadence of our data led us to develop
an alternative method. In addition to the dust time lag, the
2017). However, as demonstrated in Kasliwal et al. (2017), the behavior of
the DRW model and more sophisticated CARMA models are identical for
time-scales longer than∼10 days. Our optical light curve data typically have
significant flux uncertainties and their average time-samplings are ∼5–10
days. To be compared with the IR light curves (with time-sampling intervals
∼ 200 days), the fitted optical light curves need be further smoothed (see
later). As a result, it is not necessary to use higher-order CARMA models to
describe the optical light curves.
QUASAR MID-IR VARIABILITY AND DUST REVERBERATION 11
scaling factor between the IR and optical variability ampli-
tudes gives another important piece of information regarding
the AGN torus. We therefore decided to introduce a simple
model based only on single-value time lags and amplitudes
to retrieve useful reverberation signals and mitigate the influ-
ences of many data quality issues.
As discussed in Appendix B, if the viewing angle is not
perfectly face-on, the dust response lags on the same ra-
dius will have a range, resulting in a smoothing response
to the optical variation features in the IR light curve (see
also Kawaguchi & Mori 2011). Therefore, for simplicity, we
apply a top-hat function, b(τ ), to smooth the optical DRW
model fitting curve, F(t)OPT, so
< F(t)OPT >τW=
∫
+τW/2
−τW/2
F(t − τ )OPTb(τ )dτ , (4)
where τW is the width of the boxcar. On average, the smooth-
ing window size should be correlated with the size of the dust
emission structure, R, which is traced by the average time
lag, ∆t, between the IR and optical light curves. By de-
fault, the fitted optical DRW model is smoothed on-the-fly
with τW =∆t/2 and a maximum value of τW = 200 days. This
upper limit is set to be similar to the time gaps among the NE-
OWISE epochs as well as in the optical light curve to avoid
over-smoothing.
We assume that, to first order, the IR dust emission light
curve F(t)IR can be described as a scaled version of the
smoothed optical light curve < F(t ′)OPT > with a constant
time lag∆t = t ′ − t:
F(t)IR, dust = AMP×< F(t −∆t)OPT >τW +Fconst. , (5)
where AMP is the ratio between the optical and IR flux varia-
tion amplitudes, and Fconst is the systematic, time-insensitive
flux shift between the optical and IR bands. Physically, AMP
reflects the efficiency of the dust IR energy transfer from the
optical variation signal, which is related to the amount of dust;
∆t is the light travel time from the accretion disk to the dust
torus at the studied wavelength. The constant, Fconst, is de-
termined by (1) the AGN SED averaged over a long period
of time, (2) systemic uncertainties between the optical and
mid-IR flux zero-points, and (3) contamination from the host
galaxy emission or nearby sources.
The AGN accretion disk could also produce some variabil-
ity in the mid-IR light curves. With spectropolarimetry obser-
vations of a small sample of bright quasars, Kishimoto et al.
(2008) showed that the quasar accretion disk power-law con-
tinuum extends into the near-IR (λ∼ 2 µm) and is consistent
with a Fν ∝ ν1/3 shape. It is not clear at what wavelength the
accretion disk emission would transfer to a Rayleigh-Jeans
slope; typically a value of 3–5 µm is suggested in the liter-
ature (e.g., Hönig et al. 2010; Stalevski et al. 2016). Consid-
ering the lack of constraints, we assume the same Fν ∝ ν1/3
spectral shape is valid to describe the accretion disk emis-
sion from the optical to the mid-IR bands. Due to the weak
wavelength dependence of the accretion disk variability (e.g.,
Jiang et al. 2017), the accretion disk emission in the mid-IR
can be assumed to change simultaneously with the optical. As
a result, we have
F(t)IR, accr. disk = F(t)OPT
(
νIR
νOPT
)1/3
, (6)
and νIR/νOPT ∼0.16 and ∼0.12 for the WISE W1 and W2
bands, respectively. To recover the dust reverberation signals,
the contribution of IR variability by the accretion disk itself
needs to be removed according to
F(t)IR, dust = F(t)IR −F(t)IR, accr. disk , (7)
where F(t)IR is the observed WISE light curve. As pointed
out at the very end of Section 2.2, various time-insensitive
contaminations and uncertainties in the optical light curves
would only cause a flux offset. With our linear models to
relate the optical and IR variability, these factors are included
in Fconst and should not influence the measurements of∆t and
AMP.
Based on the model described above, we fitted the
smoothed and delayed optical light curves (interpolated by
the DRW model) to the WISE W1 and W2 ones separately
with the Levenberg-Marquardt least-squares fitting procedure
as implemented in the IDL MPFIT (Markwardt 2009) pack-
age. Figure 5 provides some examples of how this approach
applies to real data.
Fig. Set 5. Optical and Mid-IR Light Curves and RM
Model Fittings of PG Quasars
3.3. Detecting the Time Lags
Twomethods have been adopted to find the most likely time
lags. We first use the classical χ2 minimization technique to
get best-fit values of AMP,∆t and Fconst by fitting the rescaled
and shifted optical DRW light curve model to the WISE W1
and W2 light curves separately. To explore the influences of
different initial values on the final results, we change initial
guesses of ∆t/day from 0 to 3000 with an increment of 10.
For objects with multiple local minimized χ2 values, the pa-
rameter values with the smallest χ2 were usually adopted in
the end. For the time lag uncertainty, the error provided by
MPFIT only accounts for the measurement uncertainties of
the mid-IR fluxes. To estimate the uncertainty introduced by
the DRW interpolation of the optical light curve and the opti-
cal data itself, we compute 1000 (optical) DRW models with
the Monte Carlo (MC) method around the best-fit parameters
of the optical light curves within the observing constraints
from JAVELIN. Adopting the same initial values of the model
parameters for the MPFIT code, the same observed mid-IR
light curve is then repeatedly fitted by all the 1000 mock op-
tical DRW light curves with the same RM model using MP-
FIT. For the majority of objects, the distribution of the best-fit
time lags with these optical mock light curves is symmetric
and can be approximated by a Gaussian. We trim away out-
liers with 3-σ clipping and compute the standard deviation to
represent the 1-σ uncertainty caused by the optical data and
DRW model. The final time-lag uncertainty is a combination
of this optical uncertainty based on MC simulation and the IR
uncertainty reported byMPFIT.
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Figure 5. Representative optical and mid-IR light curves and corresponding DRW and time-lag fits of PG quasars. Objects in Panels (a)-(d)
have convincing dust reveration signals with different mid-IR time lags from ∼ 60 to ∼ 1400 days; Panel (e) gives an example whose IR light
curves are uncorrelated with the optical ones; Panel (f) is a case where the mid-IR and/or the optical light curves do not contain enough features
to get any convincing time lag measurement. All measurements are presented in the observed frame. The optical (green), 3.4 µm (blue) and
4.6 µm (red) data are presented in the top, middle and bottom sub-panels, respectively. The thick green line in the top sub-panel is a DRW
model constrained by the optical light curve, with the solid purple line representing a smoothed version of the model scaled down for clarity.
The dashed lines in the middle and bottom sub-panels are the model based on the optical light curve to fit the IR, as described in Section 3.2.
The model mid-IR fluxes at the observed epochs are shown as open circles. We denote the best-fit parameters with their errors for the mid-IR
reverberation signals on the bottom of the corresponding sub-panels.
(The complete figure set (87 images) for all PG quasars is available in the online journal)
Fig. Set 6. Cross-Correlation Functions between the
Optical and IR Light Curves of PG Quasars
After removing the accretion disk variability in the AGN
IR emission following Equations 6 and 7, we also performed
a cross-correlation analysis to constrain the time lags between
the optical and the mid-IR light curves. For each object, the
interpolated optical light curve based on the DRW model was
shifted with ∆t= −300–3500 days and the cross-correlation
functionsCCF(∆t) to theWISEmid-IR light curves were cal-
culated. We provide several examples in Figure 6. In general,
we adopt CCF(∆t) > 0.8 as the criterion for a strong cor-
relation signal. Due to the limited time sampling, multiple
CCF(∆) peaks for the optical-MIR light curve pair can be
found in many objects. In such cases, we inspect the peak
locations sorted by the correlation values with the following
steps: (1) we first reject any peaks close to the maximum of
the explored∆t range, which are nonphysical given the possi-
ble torus sizes for the AGN luminosity range; (2) we compare
the other peak locations to the time lag derived from theχ2 fit-
ting and adopt the one with the smallest discrepancy. For the
vast majority of the sample, such a peak location has the max-
imumCCF value. In Figure 7, we compare the time lags from
light-curve fitting with the maximum CCF(∆t) from cross-
correlation analysis. In general, these two methods yield con-
sistent ∆t, particularly for the W1 band.
By default, the final time lags reported in Table 4 are
adopted from the light-curve fitting method. However, in
cases like PG 0049+171 where the MPFIT code returns sus-
picious results, e.g.,∆W1 >∆W2, we choose to adopt the time
lags inferred from the cross-correlation analysis. The reasons
for doing this is that model fittings with MPFIT are sensitive
to the initial values and the fittings can be stopped at some
local minimum of the parameter space. In addition, given the
sparse sampling of the light curves, the solution is also not
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Figure 6. Cross-correlation functions between the optical and IR light curves of example PG quasars. The plots here are matched to the objects
in Figure 5 with the same panel IDs. Panels (a)-(d) are the cases where we think the time lag measurements are reasonable and Panels (e)-(f)
are objects whose fittings should be rejected. In each sub-panel, we calculate theCCF(t) with different smoothing windows: τW (black curves),
τW /2 (red curves), τW /10(green curves) where τW is assumed to be 200 days. The histograms show the best-fit time lag distribution by MC
modeling of the optical light curve (blue regions).
(The complete figure set (87 images) for all PG quasars is available in the online journal)
Figure 7. Comparison of mid-IR time lags between the results from
χ2 fittings and cross-correlation analysis. The grey diagonal lines
are the 1:1 relation.
unique. We have inspected each object carefully to check if
the fitting results make sense.
We can have a more intuitive idea on how the dust reverber-
ation signals are retrieved by looking at representative objects
individually in Figures 5 and 6. In both figures, Panels (a)-
(d) present four examples with convincing measurements of
time lags over a broad range and Panels (e)-(f) are two cases
whose dust RM fittings are rejected. For objects with convinc-
ing time lags, both optical and mid-IR light curves have clear
features like small dents (Panel (a)), bumps (Panel (b), (c)) or
sometimes just a simple slope (Panel (d)). For these objects,
typically there are clear peaks in their cross-correlation curve
with CCF& 0.8 and the corresponding time lag is identical to
that obtained by RM model fitting. Objects like the one in
Panel (e) are rejected because their optical and mid-IR light
curves seem uncorrelated. As shown in Panel (e) of Figure 5,
both optical and mid-IR light curves have strong features but
the RM model fitting poorly reproduces the mid-IR data. For
such objects, the peak of the CCF values are typically smaller
than 0.6, suggesting a weak, if non-zero, correlation. As will
be argued in Section 5.1, there could be other explanations
for the IR variability of such objects. Objects like Panel (f)
do not have enough features in the mid-IR light curves and
their optical light curves are also typically of very low vari-
ability amplitude. Thus, the data itself cannot allow the model
to determine the fitting parameters. In Figure 6, it can be seen
that the cross-correlation analysis does not show any peaks
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for this source with CCF& 0.5 for any reasonable time lags
(the W1-band dust time lags for quasars are very unlikely to
have ∆t > 2000 days, see Section 4.2). We will reject such
objects for the reverberation analysis.
4. Results
4.1. Mid-IR Variability and Dust Reverberation Signals
Table 4 summarizes the derived parameters from fitting the
optical and WISE W1 and W2 mid-IR light curves with the
reverberation mapping model introduced above. Among the
87 PG quasars, we detect convincing dust time lag signals
in 67 objects. For those objects without time-lag measure-
ments, eight have data completeness or quality issues, eight
lack clear variability features (e.g., very smooth light curves)
to pin down a best-fit model (e.g., PG 0043+039, as shown in
Figure 5), and the remaining four objects have uncorrelated
optical and mid-IR temporal variations (e.g., PG 0003+199,
as shown in Figure 5). In addition, there are nine quasars
whose WISE flux during the first two or three epochs falls
well above or below the time-shifted DRW model prediction
in both bands and we rely on the later NEOWISE epochs to
extract the dust RM signals.
For the study of the time lag – AGN luminosity relation,
we will focus on the 67 PG quasars (∼77% of the sample)
with convincing time lag measurements and assume the torus
properties are stable over timescales of several years or more.
Table 4. Summary of the Mid-IR Reverberation Properties
name z type LAGN, bol loge(σ) loge(τ ) ∆tW1,χ2 AMPW1 ∆tW1, CCF ∆tW2,χ2 AMPW2 ∆tW2, CCF tagW1 tagW2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PG 0003+158 0.45 HDD 13.3 −1.64 6.95 1084.1±402.0 0.2±0.1 3700 (0.55) 1057.5±462.0 0.1±0.2 3700 (0.34) 0 0
PG 0003+199 0.03 Norm 11.2 −0.42 5.43 2607.5±288.3 20.0±1.0 1287 (0.57) 2014.3±332.7 0.0±0.0 3501 (0.58) 0 0
PG 0007+106 0.09 Norm 11.9 −1.02 5.70 280.0± 41.0 4.7±0.2 316 (0.96) 313.6± 34.5 4.5±0.2 332 (0.92) 1 1
PG 0026+129 0.14 HDD 12.4 −1.04 6.53 557.2± 41.4 1.7±0.2 503 (0.91) 624.9± 33.7 2.1±0.2 1488 (0.90) 1 1
PG 0043+039 0.38 HDD? 13.0 −2.30 4.60 2152.8±187.5 0.0±0.0 2564 (0.79) 2176.2±264.7 0.0±0.0 2553 (0.80) 0 0
PG 0049+171 0.06 HDD 11.6 −0.60 6.45 120.0± 11.4 0.8±0.1 3688 (0.82) 157.0± 28.7 0.6±0.1 3700 (0.83) 1 1
PG 0050+124 0.06 Norm 12.3 −0.32 4.76 290.4± 42.8 14.9±0.4 325 (0.95) 348.0± 43.8 15.2±0.5 354 (0.95) 1 1
PG 0052+251 0.16 HDD 12.6 −0.94 6.52 400.5± 42.9 1.1±0.1 2569 (0.77) 463.4± 60.7 0.9±0.1 2555 (0.81) 1 1
PG 0157+001 0.16 Norm 12.6 −1.51 6.67 916.5± 0.4 17.8±0.5 244 (0.96) 910.8± 0.4 17.3±0.7 252 (0.95) 1 1
PG 0804+761 0.10 WDD 12.6 0.11 6.68 659.9± 22.7 5.2±0.1 665 (0.92) 661.2± 23.8 5.2±0.2 676 (0.92) 1 1
PG 0838+770 0.13 Norm 11.9 −1.71 6.20 347.7± 5.1 5.0±0.1 339 (0.97) 362.1± 52.8 5.8±0.2 364 (0.98) 1 1
PG 0844+349 0.06 HDD? 11.9 −0.32 5.31 230.8± 31.2 1.5±0.1 255 (0.93) 288.0± 31.5 1.3±0.1 287 (0.92) 1 1
PG 0921+525 0.04 Norm 11.0 −0.00 5.18 101.8± 3.0 3.4±0.1 159 (0.85) 104.0± 3.3 2.7±0.1 187 (0.82) 1 1
PG 0923+201 0.19 WDD 12.6 −1.23 7.04 1200.8± 92.4 4.9±0.4 1155 (0.62) 1327.8±151.5 4.9±0.5 1305 (0.87) 0 0
PG 0923+129 0.03 Norm 11.0 −1.06 4.12 306.1± 11.9 8.0±0.4 86 (0.81) 298.8± 16.5 7.5±0.6 1272 (0.76) 0 0
PG 0934+013 0.05 Norm 10.9 −1.48 6.34 330.4± 10.3 9.3±0.2 291 (0.97) 367.9± 68.8 11.9±0.3 482 (0.96) 1 1
PG 0947+396 0.21 Norm 12.4 −1.68 6.64 1963.5± 28.2 7.3±0.3 1915 (0.89) 2021.3±100.4 11.9±0.5 1915 (0.84) 0 0
PG 0953+414 0.24 WDD 12.9 −0.42 7.30 913.0± 35.6 2.8±0.1 911 (0.97) 1153.6± 49.9 2.1±0.2 1134 (0.98) 1 1
PG 1001+054 0.16 Norm 12.0 −1.60 6.39 256.0± 47.9 6.3±0.4 715 (0.86) 255.0± 91.4 9.4±0.8 370 (0.92) 1 1
PG 1004+130 0.24 Norm 12.6 −1.30 6.80 796.0± 93.7 1.6±0.2 707 (0.83) 532.0±107.8 0.9±0.1 692 (0.68) 1 1
PG 1011−040 0.06 HDD 11.7 −1.26 6.87 424.8± 35.9 3.0±0.2 415 (0.96) 510.8± 47.7 3.0±0.2 480 (0.95) 1 1
PG 1012+008 0.19 Norm 12.2 −1.67 6.51 519.8± 20.1 5.8±0.2 536 (0.98) 570.5± 94.3 5.4±0.3 2463 (0.97) 1 1
PG 1022+519 0.05 HDD? 11.2 −1.78 5.23 94.0± 47.5 6.6±0.2 94 (0.93) 118.0± 43.5 7.2±0.3 125 (0.94) 1 1
PG 1048+342 0.17 Norm 11.8 −2.14 6.94 276.0± 61.5 2.1±0.1 241 (0.87) 565.8±115.5 2.9±0.2 572 (0.85) 1 1
PG 1048−090 0.34 WDD 12.8 −1.29 6.78 589.0±155.2 0.0±0.0 2632 (0.54) 549.7± 55.3 0.0±0.0 2488 (0.71) 0 0
PG 1049−005 0.36 Norm 13.0 −1.71 7.08 1284.6±108.3 1.6±0.2 1327 (0.96) 1059.3±130.8 1.7±0.4 1583 (0.73) 1 0
PG 1100+772 0.31 HDD 13.1 −1.38 6.13 720.8± 88.1 1.3±0.1 722 (0.59) 724.4±144.8 1.6±0.2 725 (0.58) 0 0
PG 1103−006 0.43 Norm 12.8 −1.80 6.38 593.9± 51.1 0.6±0.2 2223 (0.46) 823.0±273.4 0.8±0.3 2371 (0.31) 0 0
PG 1114+445 0.14 Norm 12.3 −1.73 6.55 534.8± 21.7 3.3±0.4 551 (0.88) 527.9± 37.0 5.4±0.6 528 (0.96) 1 1
PG 1115+407 0.15 HDD 12.4 −1.93 5.83 465.9± 18.3 5.0±0.3 422 (0.83) 455.4± 30.7 4.3±0.5 273 (0.74) 1 1
PG 1116+215 0.18 WDD 12.9 −0.40 7.28 819.6± 98.6 4.6±0.2 1895 (0.85) 967.4± 90.0 4.9±0.3 1139 (0.83) 1 1
PG 1119+120 0.05 Norm 11.5 −0.69 5.92 108.0± 6.7 3.1±0.2 42 (0.94) 101.0± 6.7 2.7±0.2 29 (0.91) 1 1
PG 1121+422 0.23 HDD 12.5 −1.48 7.28 912.1±116.1 2.8±0.1 497 (0.94) 515.2± 82.4 3.2±0.2 2277 (0.88) 1 1
PG 1126−041 0.06 Norm 11.8 −0.41 6.27 554.1± 28.3 7.0±0.3 566 (0.87) 661.1± 25.4 7.3±0.4 731 (0.88) 1 1
PG 1149−110 0.05 Norm 11.1 −1.38 5.15 86.9± 23.1 7.6±0.2 110 (0.85) 211.6± 23.2 7.6±0.2 143 (0.79) 1 1
PG 1151+117 0.18 Norm 12.0 −1.25 7.69 295.9± 27.3 2.4±0.1 341 (0.96) 414.0± 63.5 2.3±0.2 414 (0.87) 1 1
Table 4 continued
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Table 4 (continued)
name z type LAGN, bol loge(σ) loge(τ ) ∆tW1,χ2 AMPW1 ∆tW1, CCF ∆tW2,χ2 AMPW2 ∆tW2, CCF tagW1 tagW2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
PG 1202+281 0.17 Norm 12.1 −1.69 6.93 361.0± 39.3 7.8±0.4 358 (0.96) 439.1± 44.5 7.9±0.5 429 (0.95) 1 1
PG 1211+143 0.09 Norm 12.1 −0.07 4.79 365.6± 90.2 2.7±0.2 358 (0.88) 557.5± 47.6 3.3±0.3 2015 (0.77) 1 1
PG 1216+069 0.33 HDD 13.0 −0.10 3.23 1016.9± 23.9 0.3±0.1 985 (0.30) 1012.9± 76.3 0.2±0.1 703 (0.34) 0 0
PG 1226+023 0.16 WDD 13.4 1.09 7.21 1918.4± 67.9 0.0±0.0 933 (0.75) 1684.4±280.6 0.0±0.0 951 (0.59) 0 0
PG 1229+204 0.06 Norm 11.5 −0.70 6.87 266.3± 71.2 5.3±0.1 261 (0.98) 328.0± 8.5 5.2±0.1 305 (0.97) 1 1
PG 1244+026 0.05 Norm 11.1 −2.36 5.27 118.9± 70.3 0.8±0.3 1101 (0.60) 180.0±177.3 0.7±0.5 1205 (0.46) 0 0
PG 1259+593 0.47 WDD 13.3 −1.54 7.25 746.2± 55.9 2.3±0.1 732 (0.98) 784.4± 70.3 2.2±0.2 794 (0.93) 1 1
PG 1302−102 0.29 HDD 13.2 −1.18 7.05 643.8± 33.2 1.6±0.1 619 (0.90) 681.0± 82.6 1.8±0.2 662 (0.91) 1 1
PG 1307+085 0.16 Norm 12.2 −1.51 6.20 357.6± 46.1 2.8±0.2 334 (0.91) 505.9± 57.7 3.1±0.2 368 (0.87) 1 1
PG 1309+355 0.18 Norm 12.4 −1.74 6.59 404.6± 62.0 2.5±0.3 419 (0.78) 531.8± 92.0 1.6±0.5 1453 (0.58) 1 1
PG 1310−108 0.04 Norm 10.9 −1.68 4.56 152.0± 30.2 2.0±0.3 208 (0.76) 363.9± 26.5 4.4±0.4 391 (0.83) 1 1
PG 1322+659 0.17 Norm 12.1 −1.29 6.38 524.2± 54.3 2.8±0.1 657 (0.89) 745.0±115.0 3.0±0.1 748 (0.86) 1 1
PG 1341+258 0.09 HDD? 11.7 −2.25 5.27 351.1±246.1 5.8±0.3 356 (0.71) 383.9± 18.5 6.9±0.4 383 (0.71) 1 1
PG 1351+236 0.05 Norm 10.8 −2.08 4.70 79.6± 48.9 7.9±0.4 11 (0.70) 83.8± 32.9 5.1±0.4 38 (0.60) 1 1
PG 1351+640 0.09 Norm 12.2 −0.37 6.11 631.2± 29.5 1.1±0.1 1509 (0.87) 808.6± 51.8 1.5±0.2 953 (0.88) 1 1
PG 1352+183 0.16 Norm 11.9 −1.70 6.20 272.0± 10.1 3.1±0.2 247 (0.91) 316.0± 78.4 3.5±0.3 329 (0.94) 1 1
PG 1354+213 0.30 Norm 12.4 −2.04 7.06 911.5±124.1 4.4±0.2 897 (0.91) 1061.4±169.3 5.2±0.3 1066 (0.88) 0 0
PG 1402+261 0.16 Norm 12.4 −1.44 6.18 368.1± 54.6 5.6±0.4 1972 (0.91) 414.6± 82.4 8.8±0.6 2011 (0.88) 1 1
PG 1404+226 0.10 HDD? 11.7 −2.16 5.63 214.7± 13.2 2.4±0.2 1893 (0.86) 272.0± 30.7 2.9±0.4 1977 (0.89) 1 1
PG 1411+442 0.09 Norm 12.0 −0.55 6.89 441.7± 46.2 2.3±0.1 704 (0.88) 445.2± 77.6 2.5±0.2 1000 (0.84) 1 1
PG 1415+451 0.11 Norm 11.7 −1.79 6.64 300.0±232.3 4.3±0.1 350 (0.95) 677.4±245.2 0.0±0.0 433 (0.91) 1 1
PG 1416−129 0.13 Norm 11.6 −2.32 6.41 424.8±426.7 2.8±0.3 −162 (0.53) 511.0±113.4 1.9±0.3 530 (0.44) 0 0
PG 1425+267 0.37 Norm 12.7 −2.00 7.25 744.1± 99.5 0.8±0.1 749 (0.88) 760.5±321.7 0.6±0.2 738 (0.70) 1 1
PG 1426+015 0.09 Norm 12.0 −0.11 6.77 264.0± 24.7 3.9±0.2 314 (0.95) 352.0± 64.5 3.3±0.2 359 (0.92) 1 1
PG 1427+480 0.22 Norm 12.2 −2.19 5.97 342.6± 46.7 1.4±0.1 332 (0.86) 356.0± 52.0 1.1±0.2 352 (0.78) 1 1
PG 1435−067 0.13 HDD 12.2 −1.88 5.43 244.0± 42.1 4.8±0.2 314 (0.86) 356.1± 63.6 4.5±0.4 362 (0.82) 1 1
PG 1440+356 0.08 Norm 11.9 −0.35 6.29 255.3± 40.0 4.3±0.2 290 (0.95) 264.9± 30.4 4.7±0.2 296 (0.92) 1 1
PG 1444+407 0.27 Norm 12.7 −1.95 6.52 399.5± 16.4 2.6±0.2 405 (0.93) 448.1± 61.1 2.6±0.3 505 (0.74) 1 1
PG 1448+273 0.06 Norm 11.4 −0.75 5.88 280.0± 31.7 2.8±0.1 289 (0.98) 371.3± 49.0 2.6±0.1 378 (0.97) 1 1
PG 1501+106 0.04 Norm 11.4 −0.05 5.91 113.9± 16.4 2.1±0.1 151 (0.85) 112.0± 11.9 2.0±0.1 2703 (0.77) 1 1
PG 1512+370 0.37 Norm 12.7 −1.95 6.91 1352.4±257.2 0.5±0.1 3152 (0.82) 2122.8±478.4 1.2±0.3 3383 (0.68) 0 0
PG 1519+226 0.14 Norm 12.0 −1.68 7.40 193.8±113.1 7.4±0.2 228 (0.99) 356.5±105.0 6.2±0.3 365 (0.98) 1 1
PG 1534+580 0.03 Norm 10.9 −0.67 5.08 128.0± 2.9 3.2±0.2 240 (0.67) 139.3± 12.7 4.1±0.1 376 (0.75) 0 0
PG 1535+547 0.04 Norm 10.9 −0.54 5.99 180.0± 1.4 8.5±0.1 157 (0.92) 207.7± 0.2 7.7±0.2 219 (0.92) 1 1
PG 1543+489 0.40 Norm 13.1 −2.88 5.85 2052.2±606.7 8.9±0.9 2002 (0.74) 2066.0±276.3 13.4±1.3 1974 (0.72) 1 1
PG 1545+210 0.27 WDD 12.7 −1.37 6.90 774.8± 51.3 1.8±0.1 794 (0.94) 835.3± 74.3 2.1±0.1 804 (0.94) 1 1
PG 1552+085 0.12 HDD? 12.1 −1.37 6.85 212.0± 30.2 3.3±0.1 243 (0.98) 264.0± 22.9 3.5±0.1 261 (0.98) 1 1
PG 1612+261 0.13 Norm 12.0 −0.98 6.77 627.3± 39.7 1.2±0.2 624 (0.41) 664.2± 62.0 2.0±0.3 1262 (0.71) 0 0
PG 1613+658 0.13 Norm 12.4 −0.65 6.43 371.9± 63.3 1.6±0.2 2046 (0.80) 390.4± 37.1 1.8±0.2 2059 (0.87) 1 1
PG 1617+175 0.11 WDD 12.1 −0.71 6.75 472.4± 34.7 3.3±0.1 1187 (0.97) 575.8± 26.7 4.4±0.2 1183 (0.97) 1 1
PG 1626+554 0.13 HDD 12.2 −1.14 6.10 346.8± 7.4 1.6±0.1 381 (0.90) 414.5± 9.2 1.4±0.1 416 (0.81) 1 1
PG 1700+518 0.28 Norm 13.1 −1.69 7.49 292.4±669.7 1.4±0.3 −300 (0.80) 967.9±216.2 0.0±0.0 3700 (0.68) 0 0
PG 1704+608 0.37 Norm 13.1 −1.15 6.93 1650.3±744.1 0.7±0.1 3700 (0.60) 1689.5±815.7 0.8±0.1 1660 (0.70) 0 0
PG 2112+059 0.47 Norm 13.3 −1.44 7.74 2265.0±105.9 0.9±0.2 646 (0.95) 2614.9±413.5 1.1±1.0 883 (0.67) 1 1
PG 2130+099 0.06 Norm 11.9 −0.27 6.41 525.3± 44.7 5.8±0.2 521 (0.89) 801.3± 46.6 5.5±0.2 1075 (0.89) 1 1
PG 2209+184 0.07 HDD? 11.6 −1.02 6.23 108.0± 10.4 5.3±0.1 19 (0.95) 187.0± 13.3 7.7±0.2 189 (0.97) 1 1
PG 2214+139 0.07 WDD 11.9 −0.59 6.13 324.6±165.6 4.2±0.4 2545 (0.86) 378.4±622.9 3.0±0.4 2622 (0.85) 1 0
PG 2233+134 0.32 Norm 12.7 −2.30 6.73 455.1± 39.0 2.2±0.2 449 (0.90) 426.9± 47.7 2.7±0.4 420 (0.83) 1 1
PG 2251+113 0.32 WDD 12.9 −2.40 6.30 579.7±116.8 2.7±0.8 576 (0.85) 598.0±101.8 3.5±1.0 591 (0.91) 0 0
PG 2304+042 0.04 Norm 10.6 0.11 2.66 86.0± 3.6 3.7±0.0 156 (0.97) 98.2± 1.5 3.8±0.1 171 (0.97) 1 1
PG 2308+098 0.43 HDD 13.2 −1.11 7.68 703.1± 50.7 1.3±0.1 548 (0.88) 1418.8±129.5 1.2±0.1 1493 (0.83) 0 0
Table 4 continued
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Table 4 (continued)
name z type LAGN, bol loge(σ) loge(τ ) ∆tW1,χ2 AMPW1 ∆tW1, CCF ∆tW2,χ2 AMPW2 ∆tW2, CCF tagW1 tagW2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
NOTE— Col. (1): object name; Col. (2): redshift. Col. (3): IR SED type from Lyu et al. (2017). Col. (4): AGN bolometric luminosity estimated from IR SED decompositions
(Lyu et al. 2017) with bolometric corrections described in Section 4.2.1. Col. (5)-(6): DRW model amplitude (σ) and timescale (τ ) from the fitting the combined V-band light curve
with the Javelin code, both in natural logs. Col. (7)-(8): IR dust time lag (obsered frame) and IR-optical variability amplitude factor from fitting theWISE W1-band light curves with
our model. We have made necessary corrections as stated in Section 3.3. This column presents the finally adopted values of the time lags (in the observed frame) then will be used in
our further analysis in Section 4. Col. (9): W1-band dust time lag suggested by cross-correlation analysis with the peak CCF value in brackts. Col. (10)–Col. (12): similar to Col.
(6)–(8) but for WISEW2-band. Col. (13), (14): if the results are used for reverberation analysis, 1–yes, 0–no.
Comments on individual objects: the results of PG 0003+129, PG 1048-090 and PG 1244+026 are dropped since their IR light curves contain large uncertainties. The mid-IR
photometry of several epochs of PG 1226+069 are saturated, making the mid-IR light curve unuseful. The optical light curves of PG 0923+129, PG 1216+069, PG 1354+213 and
PG 1416-129 have limited time (only good CRTS or ASAS-SN data are available). PG 0043+039, PG 0947+396, PG 1100+772, PG 1103+006, PG 1512+370, PG 1700+518, PG
1704+608 and PG 2308+098 do not show enough variability features so that meaningful time lags cannot be constrained. The optical and IR light curves of PG 0003+199, PG
0923+201, PG 1534+580 and PG 1612+261 seem uncorrelated with peak CCF<0.7, so their results have been also dropped.
4.2. The IR Time Lag – AGN Luminosity Correlation
The inner size of the dust torus is physically determined by
grain sublimation. Since carbon and silicate dust are the dom-
inant species of interstellar grains, a similar grain mixture is
also commonly assumed for the AGN torus. The sublimation
temperatures, Tsub, of grains are estimated to be 1500–1800K
for graphite and 800-1000 K for silicates. Consequently, only
graphite grains would survive at the innermost regions and
silicate grains would be distributed at larger radii. Assuming
an optically-thin environment, Barvainis (1987) provided an
estimate of the graphite sublimation radius
Rsub,C
pc
= 1.3
(
LUV
1046erg s−1
)0.5(
Tsub
1500K
)
−2.8(
a
0.05 µm
)
−0.5
,
(8)
where LUV is the AGNUV luminosity. FollowingKishimoto et al.
(2007), we also introduce a a−1/2 term to approximate the
Rsub dependence on the grain size a. For silicate dust grains,
adopting the absorption efficiency of astronomical silicate
(Draine & Lee 1984; Laor & Draine 1993) and repeating the
derivations in Barvainis (1987), we have
Rsub,S
pc
= 2.7
(
LUV
1046erg s−1
)0.5(
Tsub
1000K
)
−2.8(
a
0.05 µm
)
−0.5
.
(9)
If we take LUV = 0.165 LAGN,bol (Risaliti & Elvis 2004) and
assume Tsub =1500 K and Tsub =1000 K for graphite and
silicate dust grains, for an AGN with LAGN,bol = 1012 L⊙,
Rsub,C ∼ 0.33 pc and Rsub,S ∼0.69 pc.
For an infinitely thin ring viewed from a perfect face-on
observing angle, the time lag is directly related to the dust ra-
dius as ∆t = Rd/c. In real situations, the relation would be
dependent on the observing angle as well as the dust distribu-
tion (some additional discussion is provided in Appendix B).
However, for a large sample of type-1 AGNs, these effects
would be smeared out. To first order, we adopt the following
linear equation to fit the data:
log(∆t) = α+β log(LAGN) . (10)
In the following analysis and discussion, we have ap-
plied the dilation factor (1 + z) for the time lag (i.e., ∆t =
∆tint. = ∆tobs./(1+ z)). Due to the lack of constraints on the
wavelength-dependent torus size, we will not make K correc-
tions for individual quasars but treat the sample as a whole
and compute the correction with an averaged redshift.
4.2.1. AGN Luminosity Estimation
To make a comparison of the AGN bolometric luminosity
LAGN, bol in the literature, we use the integrated AGN IR emis-
sion of PG quasars as the best estimator. As demonstrated
in Lyu et al. (2017), despite their identical UV-optical SED
shape, unobscured type-1 quasars present intrinsic SED vari-
ations in the IR that can be grouped into normal, warm-dust-
deficient (WDD) and hot-dust-deficient (HDD) types (see the
comparison in Figure 8). After building the intrinsic AGN
templates, Lyu et al. (2017) fit the observed SEDs of PG
quasars with an empirical SED model. The AGN intrinsic
SED types were determined by comparing the fitted χ2 of the
model. We convert the AGN-heated IR luminosity derived
from the optical-to-IR SED fittings in Lyu et al. (2017) to the
monochromatic luminosity at 5100 Å with the following scal-
ing factors:
λLλ(0.51 µm) = 0.47LNORM, 8-1000 µm (11)
= 1.02LWDD, 8-1000 µm (12)
= 1.75LHDD, 8-1000 µm (13)
where NORM, WDD, HDD represent the normal Elvis et al.
(1994)-like, warm-dust-deficient, and hot-dust-deficientAGN
templates as characterized in Lyu et al. (2017); Lyu & Rieke
(2017). We then convert Lλ(0.51 µm) to LAGN, bol with
the updated quasar bolometric correction from Runnoe et al.
(2012):
log
(
LAGN,bol
erg s−1
)
= 4.89+0.91log
(
λLλ(0.51µm)
erg s−1
)
(14)
We realize that there are several alternative tracers for
LAGN,bol widely used in the literature, such as hard X-ray lu-
minosity, mid-IR AGN continuum luminosity, and the mid-
IR [O IV]λ25.89µm emission line luminosity (Meléndez et al.
2008; Diamond-Stanic et al. 2009; Rigby et al. 2009). Al-
though these tracers could be less affected by dust obscura-
tion and might be isotropic, whether they can be applied over
a wide AGN luminosity range that covers the quasar popula-
tion is a question. For example, the application of [O IV] emis-
sion line has been only discussed for the Seyfert popula-
tion (LAGN, bol . 1011L⊙) and there is evidence suggesting the
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Figure 8. Comparison of the normal, WDD and HDD AGN tem-
plates developed in Lyu et al. (2017). The bottom panel highlights
the infrared flux differences in dex of these templates by normalizing
their SEDs by the normal AGN template.
structures of AGN narrow-line regions could evolve at high
luminosity (e.g., Netzer et al. 2004). Using the single-band
mid-IR continuum is also complicated: (1) the fraction of the
AGN luminosity that is reprocessed in the mid-IR (7–15 µm)
can vary intrinsically by 0.3–0.9 dex (Lyu et al. 2017); (2) the
possible addition of reprocessed emission from AGN-heated
polar dust can easily lead to scatter exceeding 1 dex for the
same LAGN, bol (Lyu & Rieke 2018). Given these uncertain-
ties, we opt to use the V-band bolometric correlation through-
out this work.
The ambiguities in calculating AGN bolometric luminos-
ity have contributions from both measured qualities (e.g., the
photometric errors) and bolometric correction factors. In
many cases, the latter can dominate. Given the likely vari-
ation from source to source, we adopt 0.3 dex as the relative
LAGN uncertainty for all objects.
4.2.2. Correlation between Mid-IR Time Lag and AGN Luminosity
In Figure 9, we present the time lags of the mid-IR emission
in theWISEW1 and W2 bands of PG quasars as a function of
their AGN bolometric luminosities. It is clear that these two
quantities are strongly correlated. From fitting these measure-
ments with equation 10 with the IDL program FITEXY, we
have
∆ttorus,W1/day = 102.10±0.06(LAGN,SED/1011L⊙)0.47±0.06 (15)
for the W1 band, and
∆ttorus,W2/day = 102.20±0.06(LAGN,SED/1011L⊙)0.45±0.05 (16)
for the W2 band. These correlations closely follow the ex-
pected∆t ∝ L0.5AGN relation. At a given LAGN, the time lag dif-
ferences in the W1 and W2 bands are small with the mean
value of ∆ttorus,W2/∆ttorus,W1 ∼ 1.21± 0.36, and a median
value at 1.15. A linear fit to both W1 and W2 time lags yields
∆ttorus,W2 = (1.17± 0.11)∆ttorus,W1+ (0.21± 54.3) . (17)
Despite the large uncertainty, the fitted intercept is very close
to zero, indicating that the time lag in W2 is always statisti-
cally larger than in W1 by a constant factor.
The average redshift of the 67 fitted PG quasars is
0.15±0.10. Assuming a normal AGN template, the corre-
sponding intrinsic wavelengths of the WISE W1 and W2
band filters are 2.94+0.28
−0.24 µm and 4.03
+0.38
−0.33 µm. For an AGN
with LAGN, bol = 1012 L⊙, these results correspond to a dust
emission region size at λrest ∼ 3 µm of ∼0.31 pc for the W1
band and at λrest ∼ 4 µm of ∼ 0.37 pc for the W2 band. The
similar sizes at the W1 andW2 bands strongly support a com-
pact torus, where the emission at the rest frame ∼3–5 µm is
dominated by dust grains with similar temperatures.
4.2.3. Comparison with Previous Dust Reverberation Studies
Previous ground-based K-band reverberation mapping
has been only focused on relatively low-luminosity AGNs
(LAGN . 1011 L⊙) in Seyfert galaxies. However, given the
SED analysis in Lyu & Rieke (2018), it is likely that Seyfert-
1 nuclei and quasars share similar torus properties. For the 17
Seyfert-1 objects in Koshida et al. (2014), we adopted the av-
erage K-band time lags estimated with the CCF methods and
the αν = 1/3 accretion-disk component model, and converted
the weighted averaged V-band absolute magnitude to LAGN, bol
following Equation 14. (See Appendix C for further discus-
sion of the consistency of their and our measurements of time
lags and AGN luminosities.) Applying the same correlation
analysis to Seyfert-1 K-band time lag and AGN bolometric
luminosity yields
∆ttorus,K/day = 101.86±0.06(LAGN,SED/1011L⊙)0.45±0.07 . (18)
For LAGN,bol = 1012 L⊙, the corresponding K-band torus size
(λrest ∼ 2.1 µm) is 0.17 pc, which is about half of the WISE
W1 size. Such a difference could provide important insights
to the properties of the AGN innermost torus, which will be
discussed in detail in another paper. Both the K-band and W1
behavior are consistent with a general scaling as L0.5 over a
range of 10, 000 in luminosity, demonstrating that similar cir-
cumnuclear torus structures are common to AGNs in general.
Glass (2004) provided preliminary time lag measurements
between the U (∼ 0.36 µm) and L (∼ 3.4 µm) bands of five
Seyfert-1 nuclei: Fairall 9, Akn 120, NGC 3783, ESO141-
G55 and NGC7469. We have analyzed the IR SEDs of all
these AGNs with our empirical templates in Lyu & Rieke
(2018). Following Section 4.2.1, we estimate their LAGN and
plot their locations in Figure 9. These objects have a very
limited luminosity range (LAGN = 1010.5 ∼ 1011.2 L⊙), so it
is not possible to pin down a meaningful lag-luminosity re-
lation given the uncertain time lag measurements and small
sample. Nevertheless, they distribute around the prediction
of our time-lag correlations based on the WISE W1 and W2
band data of PG quasars.
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Figure 9. Dust time lags between theWISEmid-IR band and optical band light curves plotted against the AGN luminosity for PG quasars. The
dotted lines are the fitted correlations for normal (grey), WDD (green) and HDD (red) quasars assuming∆t ∝ L0.5AGN. We also show the K-band
time-lag measurements of the 17 Seyfert-1 nuclei studied in Koshida et al. (2014) and the L-band time-lag measurements of the 5 Seyfert-1
nuclei in Glass (2004) with our estimation of their AGN bolometric luminosities in the left panel.
The optically reddened type-1 AGN NGC 6418 is the
only object with published robust mid-IR dust reverbera-
tion results. With high cadence Spitzer/IRAC monitoring,
Vazquez et al. (2015) found this object had time lags of 37.2
days at 3.6 µm and 47 days at 4.5 µm. Based on the
Hα luminosity of NGC 6418, they determined a lower limit
to the AGN bolometric luminosity, LAGN, bol ≥ 5× 109 L⊙.
With our previous developedAGN templates (Lyu et al. 2017;
Lyu & Rieke 2017), we can estimate an upper limit on its
AGN bolometric luminosity to be.6.3–20×109L⊙ (depend-
ing on if the AGN is normal, WDD or HDD) based on its
WISE W4 flux and SED shape. If NGC 6418 shares sim-
ilar torus properties as PG quasars, given the similar band-
passes of WISE and Spitzer/IRAC, its AGN bolometric lumi-
nosity should be about 8-9×109L⊙ based on equations 15 and
16 for the reported time lags. This value is well above the
lower limit constrained by Vazquez et al. (2015) and below
the upper limit given by its mid-IR emission. As a result,
we conclude that there is no evidence for strong differences
in the torus structures between this low-luminosity AGN and
quasars in the mid-IR.
4.3. PG quasar variability at 10–25 µm
Among the 87 PG quasars at z . 0.5, 33 have repeated
MIPS measurements at 24 µm. In Table 2, we present the
flux change significance, Si, j, between (1) the first two MIPS
measurements, (2) the third measurement (if acquired) and
the previous measurement that shows the greatest difference,
and (3) the average of the MIPS measurements and the WISE
measurement if the latter is available. The significance of a
change in flux is given by
Si, j =
| fi − f j|√
σ2i +σ
2
j
, (19)
where fi, f j are the two flux measurements and σi, σ j are
the corresponding uncertainties. We identify variability when
one of these values satisfies Si, j≥ 3 (similar to the three-sigma
criterion given its definition). Among 26 radio-quiet PG ob-
jects, only one, PG 1535+547, was found to vary at 24 µm.
For the remaining seven radio-loud quasars, two out of three
flat-spectrum (α> −0.7)9 but none of the four steep-spectrum
(α < −0.7) objects were found to vary. It appears that AGN
24 µm variability is related with the radio-band classification.
In the upcoming section, we will expand the statistics with a
larger sample of 139 quasars with similar observations.
We also explore the 12 µm and 22 µm variability of the
87 PG quasars by comparing Spitzer/IRS synthetic photome-
try to the WISE measurements (see Table 5). Only nine ob-
jects (10% of the sample) have 12 µm flux variations larger
than 3-σ and two objects (2% of the sample) at 22 µm.
Because there may be systematic errors of a few percent
between data obtained from different observatories (Carey
2010; Sloan et al. 2015) in addition to the statistical uncer-
9 We assume a radio spectrum with fν ∝ να where fν is the observed flux
density and ν is the observed frequency.
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tainties, a 5σ significance level is more convincing for vari-
ability detection. With this requirement, only two quasars,
PG 1226+023 (3C273) and PG 0007+106 (a flat-spectrum ra-
dio source and blazar at z=0.089; Mao et al. 2016), are left.
This is not surprising, since previous studies of blazars and
flat-spectrum radio sources have found them to vary substan-
tially at 10µm (e.g., Rieke 1972; Rieke & Kinman 1974;
Edelson & Malkan 1987; Neugebauer & Matthews 1999). In
particular, 3C 273 is a well-known IR variable object (e.g.,
Neugebauer & Matthews 1999; Soldi et al. 2008). It seems
that most, if not all, significant AGN IR variability at λ &
10 µm can be associated with non-thermal processes.
Table 5. PG quasar variability at 12 and 22 µm
name MJD f12µm error stdev ∆MW3 MJD f22µm error stdev ∆MW4 comment
mJy mJy mJy mJy of change
PG 0003+158 53721.5 13.62 0.88 53721.5 24.41 2.06
55376.1 13.96 0.34 -0.36 0.03 55376.1 25.02 1.24 -0.25 0.03
PG 0003+199 53559.2 175.20 3.62 · · · · · · · · ·
55377.8 191.29 2.53 -3.65 0.10 55377.8 280.42 5.60
PG 0007+106 53721.3 74.01 2.75 53721.3 153.34 3.90
55375.0 64.94 1.00 3.10 0.15 55375.0 126.65 2.79 5.56 0.23 variable, FSRQ
PG 0026+129 53592.9 30.56 1.50 53725.8 45.84 2.34
55379.5 32.70 0.96 -1.20 0.08 55379.5 43.63 3.55 0.52 0.05
PG 0043+039 53381.3 14.28 1.55 53381.3 22.14 2.03
55383.0 16.03 0.55 -1.06 0.13 55382.0 25.22 2.12 -1.05 0.15
PG 0049+171 53750.4 13.60 0.99 53750.4 19.02 2.40
55342.6 15.76 0.34 -2.07 0.17 55342.6 17.96 1.17 0.40 0.06
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NOTE— (This table is available in its entirety in machine-readable form. A portion is shown here for guidance regarding its form and content.)
4.4. AGN Variability at 22–24 µm in a Larger Sample
4.4.1. General Variability Behavior
With the multi-epoch MIPS and WISE measurements of
139 objects, we now further probe AGN variability at 22–
24 µm with a much larger sample. The measurements and
results are also listed in Table 2 and shown graphically in
Figure 10. We use q24 = log[ fν (24 µm)/ fν(1.4 GHz)] to
determine radio loudness and tag radio-loud (RL) for q24 <
−0.5, radio-intermediate (RI) for −0.5< q24 < 0.5 and radio-
quiet (RQ) for q24 > 0.5. The radio data were taken from
the NASA Extragalactic Database (NED), the FIRST survey,
Kellermann et al. (1989, 2016, both corrected to 1.4 GHz as-
suming a slope of −0.7) , Hodge et al. (2011), and the Mo-
longlo Galactic Plane Survey (Murphy et al. 2007). There is
one anomalous case, PG 1309+355, which has a flat radio
spectrum but is radio-intermediate by our definition; by other
criteria, however, it is radio-loud (Laor et al 2019). We have
counted it among the radio-loud flat-spectrum radio quasars
(FSRQs). Sources lacking radio data are by default included
with the radio-quiet sample. Because there was no differ-
ence in variability behavior, we have also combined the radio-
intermediate sources with this sample. Hereafter this mixed
sample is referred as “radio-quiet” for brevity.
As shown in Figure 10, the flux change significance dis-
tribution of radio-quiet AGNs is best fitted with a Gaussian
of width of 0.9 — that is, this fit indicates that the estimates
of individual standard deviations are high (conservative) by
about 10% under the assumption that the sample is not vari-
able10. This result confirms that our criterion for identifying
variations is conservative and furthermore emphasizes how
rare 24 µm variability is for these objects. As indicated by the
10% smaller width of the Gaussian fit to the radio-quiet pop-
ulation, the real systematic error might be smaller than 0.7%
as introduced in Section 2.1.3. However, we decided not to
change it since a uniform correction would not apply across
the entire sample (e.g., faint sources probably have larger er-
rors). Given these uncertainties, two sources, the FSRQ NGC
1275 and the SSRQ 3C 270, are identified as possibly being
variable because they are detected at very high signal to noise
and show flux changes at 2.7–2.8σ. Overall, we detect 24 µm
variations in 22 (including the two probable variables) out of
139 targets and set tight constraints on possible variations for
the rest of the sample within the limits of our observational
cadence.
The steep-spectrum radio-loud sources show a distribu-
tion of the 24 µm flux change significance that is somewhat
broader than that for the radio-quiet sample, suggesting that
low levels of infrared variability may apply for some of them
even if it is not detected individually. However, their over-
all pattern is not very different from the radio-quiet sample.
In contrast, the distribution of flat-spectrum sources is very
broad, showing that variability is common among them. In
10 Since PG 1309+355 has not varied in our observations, classifying it as
radio-intermediate would have no effect on this result.
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Figure 10. Distribution of variability significance Si, j between dif-
ferent 24 µm measurements in all 139 quasars. The calculated
Si, j have been linearly binned from 0 with a bin size of 0.5. A
Gaussian with σ = 0.9 has been binned similarly. The vertical or-
ange line indicates Si, j = 3 used to identify variability. Two objects,
2MASSi J0918486+211717 and PG 1535+547 stand out as having
larger changes and appear to be exceptional radio-quiet variables.
Although only one steep-spectrum quasar is identified as being prob-
ably variable, their distribution of variability significances is broader
than that for the radio-quiet sources suggestive of low level variabil-
ity in some of them. Compared with step-spectrum radio quasars,
the distribution for the flat-spectrum radio quasars is even broader
and indicates a strong link between this radio characteristic and vari-
ability at 24 µm.
fact, we detect variations in 14 out of 19 FSRQs — a very
high fraction given our small number of observations.
4.4.2. Other variability studies
It seems possible that the measurements by IRAS at 25 µm
could extend the time scale of our survey. However, the IRAS
photometry is of relatively low accuracy. There are varia-
tions at the 5% level (up to 10%) in the response along a
pixel, and the simple bulk photoconductors used are suscepti-
ble to responsivity shifts due to exposure to ionizing radiation
(Beichman et al. 1988). Evidence for a significant (> 3σ)
flux change after applying these systematic errors is found
for only three objects: 3C 273, 3C 274, and PKS 2005-189.
The increased brightness of 3C 274 as seen by IRAS can be
explained by its resolved nature evident in the Spitzer im-
ages. Shi et al. (2007) have shown that the extended 24 µm
emission is the IR synchrotron radiation from the outer jet
and inner radio lobes of this nearby FR I-type radio galaxy.
All of the extended emission would be included within the
IRAS beam and photometry of the Spitzer images using a
1′ aperture completely recovers the excess flux measured by
IRAS. However, the IRAS data do demonstrate that 3C273
was nearly twice as bright and PKS 2005-189 about three
times as bright when measured in 1983 compared with our
measurements. Both of these sources are FSRQ blazars, so
these results help document the extent of their variability but
do not qualitatively change the findings above.
Neugebauer & Matthews (1999) presented a multi-year
photometry monitoring for 25 PG quasars from 1 through
10 µm (J through N band) and reported 10 µm variability in
3C 273. They also deduced possible variations at 10 µm for
PG 1535+547 on the basis that its mid-IR light curve tended
to follow the variations seen at shorter wavelengths even if by
itself the measurements did not have enough signal to noise
to make a persuasive detection. They also used a statistical
argument to make a case for variations in other radio-loud
objects.
4.4.3. Lack of 24 µm Variations in Radio-quiet Quasars
Our study therefore represents a substantial advance over
previous work on variability of AGNs at 10 and 20 µm. We
now use it to evaluate the overall variability of the radio-
quiet sample by computing the weighted average of the ab-
solute changes in flux between the initial two MIPS measure-
ments.11 Although we have only two measurements per ob-
ject, the large sample size lets us put interesting limits on vari-
ability using a statistical approach.
The repeatability of the MIPS 24 µm photometry in
the absence of any photon noise can be as good as 0.4%
(Engelbracht et al. 2007). If we remove 2MASSi J0918486+211717
and PG 1535+547, plus all of the blazars and flat-spectrum
radio sources, the rms scatter in our quasar measurements
is 0.0085± 0.0006 magnitudes (0.79± 0.06%); if we fur-
ther remove all radio-loud objects, the rms scatter reduces to
0.0076±0.0006magnitudes (0.70±0.06%). That is, outside
of 2MASSi J0918486+211717 and PG 1535+547, plus the
flat-spectrum radio sources and blazars, the rms scatter in the
measurements is consistent with virtually no variability over
the ∼ 3 year period spanned by the MIPS observations.
Now we compare these 24 µm upper limits to the variabil-
ity inWISEW1 and W2 bands, i.e., at 3–5 µm. For the entire
PG sample, the rms scatter is 0.086mag and 0.071mag at W1
andW2, respectively. For the subset for whichwe have 24 µm
measurements, the values are the same. That is, variability
at 3.4 µm is a factor of ten larger than the upper limits set
for 24 µm. As deduced by Neugebauer & Matthews (1999),
the variability damps out dramatically going from the near
infrared to the mid infrared. The Spitzer measurements put
this result on much sounder ground than previously: to illus-
trate the gain, at 73 mJy, PG 1535+547 is close to the median
brightness of the sample, 86 mJy, yet its variations were just
at the detection limit with the previous ground-based data.
4.4.4. Behavior of variable radio-quiet quasars
PG 1535+547 and 2MASSi J0918486+211717 are of in-
terest as apparently normal, radio-quiet, optically-selected
11 We focus on the initial two MIPS 24 µm measurements instead of the
WISE results since they are generally of higher signal-to-noise ratio and use
a smaller beam that reduces contamination issues. Also, the first two epochs
of observations encompassed the entire sample, whereas the third MIPS ob-
servational epoch only includes radio-loud AGNs.
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quasars that have exceptional mid-infrared variability signals
at 10 and 24 µm. PG 1535+547 (Mrk 486) is of particular in-
terest because it is very thoroughly studied. Lyu et al. (2017)
find its infrared SED to be fitted very well by their warm dust
deficient template, which makes the assumption that the nu-
clear non-thermal continuum has dropped to a negligible level
by 24 µm and that the mid-IR flux comes mostly from the cir-
cumnuclear torus with very little contribution from polar dust.
Xie et al. (2017) show it to have weak silicate emission fea-
tures, requiring that some, if not all, of its 24 µm emission is
from heated dust. In the optical band, PG 1535+547 is moder-
ately obscured with a red continuum and it has the strongest
polarization signals reported in the PG sample (p ∼ 2.5%;
Berriman et al. 1990). Indeed, Hubble Space Telescope ultra-
violet and ground-based spectropolarimetry show that the po-
larization rises to nearly 8% in the UV and that there are com-
plex polarization changes across the Hα and Hβ emission-
line profiles (Smith et al. 1997). The presence of strong emis-
sion lines in the polarized flux spectrum and the strong rise
of the polarization into the UV suggests that dust scattering
of the AGN nuclear continuum and emission from the BLR
is the polarizing mechanism. Despite the fact that the polar-
ization is from scattering, Smith et al. (1997) found evidence
that the optical polarization varies on time scales as short as a
year. In total, these observations indicate that PG 1535+547
cannot be face-on, but must be partially-obscured by its cir-
cumnuclear torus. In this case, even if a jet is present, its ap-
parent emission would not be strongly amplified by relativis-
tic beaming and hence would be weak due to its misalignment
with our line of sight and it would not contribute significantly
to the observed flux at 10 and 24 µm (see more discussion
in Section 5.1). Instead, we suggest the IR variations of PG
1535+547 at longer wavelengths are dust reverberation sig-
nals.
To illustrate the different mid-IR variable behaviors be-
tween radio-quiet and radio-loud quasars, we compare the IR
light curves of PG 1535+547 and 3C 273 in Figure 11. For the
blazar 3C 273, there is no obvious similarity between its op-
tical and mid-IR light curves, especially given the large vari-
ations seen between the neighbouring epochs in WISE W2.
The brightness of 3C 273 at W3 and W4 varied by∼0.3 mag,
about 0.15 mag larger than the variations observed in W1 and
W2. Such behavior is not expected from the dust emission,
since its energy output at longer wavelengthsmust correspond
to larger physical scales where the amplitude of variability is
expected to decrease.
In contrast, the W1 and W2-band light curves of PG
1535+547 can be reproduced by shifting and scaling its op-
tical light curve, as expected for dust reverberation signals
with time lags of ∼ 180 days for W1 and∼ 205 days for W2.
Assuming a time lag of 2.5 times larger (i.e. ∼ 450 days) than
W1 and an amplitude factor of 0.6, the 24 µm light curve can
be matched by dust reverberation mapping. The variability
amplitude of PG 1535+547 in W1 is & 0.5 mag, among the
10% largest W1-band variables in the PG sample. In com-
parison, the 24 µm variability amplitude of PG 1535+547 is
about ten times smaller at only ∼0.06 mag. The observed
behavior of this object suggests that a detectable level of mid-
IR variability caused by dust reverberation is plausible given
a highly variable quasar, high signal-to-noise-ratio data, and
fortunate time sampling.
5. Discussion
5.1. The Origin of AGN Mid-IR variability
5.1.1. Synchrotron Emission
The Spitzer 24 µm results reaffirm the generally ac-
cepted picture that the smooth UV-millimeter continua of
blazars is dominated by the variable, optically thin syn-
chrotron radiation produced in the core and inner rela-
tivistic jet that also gives rise to the self-absorbed, flat-
spectrum radio emission at centimeter wavelengths (see e.g.,
Kellermann & Pauline-Toth 1981). According to the classi-
cal unification scheme (Urry & Padovani 1995), this type of
object corresponds to an AGN with a powerful jet pointed
toward the observer and its broad-band X-ray to IR SED
is dominated by synchrotron emission that is enhanced by
relativistic beaming.
As shown in Section 4.3, among the radio-loud AGNs,
steep-spectrum radio quasars (SSRQ) seem to lack strong
variability at 24 µm, in contrast to flat-spectrum radio
quasars. As suggested by Urry & Padovani (1995), FSRQ
are believed to be oriented at relatively small angles to the
line of sight (θ .15◦), where SSRQ have intermediate an-
gles between FSRQ and FR II radio galaxies. For an ideal
relativistic beam, the apparent luminosity can be calculated
as L = L0/[γ(1−β cosθ)]2, where γ is the Lorentz factor, L0
is the intrinsic luminosity, and β = (1 − γ−2)1/2 is the beam
speed in the AGN frame in units of light speed c (Cohen et al.
2007). For blazars, Lorenz factors up to 10–20 are common
for parsec-scale jets (Homan 2012). Assuming γ = 20, the
jet variability signal can be boosted by a factor of 2–1600
for FSRQs (see Figure 12), while the apparent variability for
SSQRs decreases quickly to a few percent or smaller when
θ > 15◦. In other words, given the same level of intrin-
sic jet variability, FSRQs are expected to have much higher
(synchrotron) IR variability detection rates compared with
SSQRs. In addition, it is possible that the infrared emission
of the SSRQs is no longer dominated by the relativistic jet but
by the emission of a circumnuclear torus. In that case, their
behavior would resemble that of radio-quiet quasars, which
do not vary significantly within our 24 µm observations.
Given the arguments above, the different mid-IR variability
behavior among SSRQs, FSRQs, and blazars can be ascribed
to first order to different angles of the radio jets relative to the
observer. This result is consistent with the unification picture
for radio-loud AGN (Urry & Padovani 1995).
5.1.2. Dust Infrared Reverberation Signals
The mid-IR variations of the radio-quiet quasars show little
evidence for any synchrotron component, but are dominated
by the dust response to the UV-optical variations of the central
engine. As summarized in Section 4.1, the 3–5 µm IR emis-
sion of ∼ 77% of the PG quasars at z < 0.5 show such dust
reverberation signals. If we set aside the 16 sources where
the data were inadequate to look for time lags, 95% of the
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Figure 11. Multi-band IR and optical light curves of the radio-quiet PG 1535+547 (left) and the blazar PG 1226+023 (right). See text for
details.
Figure 12. The flux boosting factor as a function of observing angle
for different Lorentz factors (γ=5, 10, 20, 100).
remaining objects behave in this way, with only four objects
(5%) showing an alternative pattern of variations. This is a
strong evidence for the common existence of circumnuclear
dust outside the black hole accretion disk.
The near infrared SEDs of quasars with normal or warm-
dust-deficient (WDD) behavior (Lyu & Rieke 2017) show di-
rect evidence for this circumnuclear dust heated by the ac-
cretion disk, in the form of a spectral bump at ∼3 µm that
matches the expected emission of dust heated to sublimation
temperatures. Although hot-dust-deficient (HDD) quasars do
not show a similar near-IR bump, as shown in Figure 9, they
still follow the R∝ L1/2 size-luminosity relation and their dust
time lags increase with wavelength. This is true even for the
most HDD quasar — PG 0049+171, where we detect time
lags ∼120 days for its W1 variations and ∼157 days for W2.
This behavior is evidence that the emission near 3 µm is dom-
inated by the emission of the circumnuclear torus and not by
the accretion disk/central engine. Furthermore, since the IR
SEDs of unobscured quasars at z∼0–6 have similar forms as
the PG sample (Lyu et al. 2017), the result implies that there
are few, if any, completely dust-free quasars.
For radio-quiet quasars, the average RMS variability am-
plitudes at V, W1 and W2 bands are 0.145 mag, 0.093 mag,
0.076 mag. In other words, the W1 and W2 dust variation
signals are typically only ∼ 60% and ∼ 50% of those in the
optical band. As presented in Section 4.3, the possible flux
change at 24 µm is less than 10% of that at ∼ 3 µm (corre-
sponding to 6% of the variability at V-band). The decrease in
variability with increasing wavelength is likely to be the re-
sult of averaging over the variations due to light travel time
to various parts of the extended circumnuclear torus. Dimin-
ished variability at 24 µm then results from the emission orig-
inating in a substantially larger region, i.e. at a significantly
larger radius than the emission at 3–4 µm.
5.1.3. AGN Mid-IR Variability under the Unification Scheme
Our reverberation mapping study has focused on the PG
quasars because their selection criteria strongly favor cases
where we can see the central engine, accretion disk, and cir-
cumnuclear torus all relatively unobscured. We discuss here
the complexities that can be expected where this simple situ-
ation is not the case.
In general, both synchrotron emission and torus-reprocessed
emission will contribute to the mid-IR variability of a radio-
loud AGN; their relative importance depends on the inclina-
tion angle and radio-loudness. In addition, the obscuration of
the central engine will substantially affect the apparent opti-
cal variability, making the interpretation of the mid-IR light
curves difficult. Figure 13 provides an illustration of the clas-
sical unification model (Antonucci 1993; Urry & Padovani
1995) and shows the optical and mid-IR continuum light
curves of various AGN components.
In the radio-loud case, the integrated optical continuum
emission of the AGN is a combination of the jet component
( fjet,opt(t)) and the accretion disk ( fAD,opt(t)),
Fradio−loud,opt ≈Ctorus(θ) fAD,opt(t)+Cbeam(θ) fjet,opt(t) , (20)
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Figure 13. Sketch of the main AGN structures related to the AGN optical and mid-IR continuum variabilities. At the very center is the BH and
its accretion disk (cyan). The dust torus is assumed to be clumpy and the yellow, orange, red colors represent a decreasing dust temperature.
A strong jet (purple) exists for the radio-loud case and we highlight its optical emission (blue) and mid-IR emission (red) regions. For the
accretion disk and the jet component, we plot their optical (blue solid line) and mid-IR (red solid line) light curves in panels (a) and (b). The
mid-IR light curves (red solid line) of the torus in the radio-loud and radio-quiet cases are plotted in panels (c1) and (c2). For the radio-loud
case, we show the contribution from the dust reverberation signals to the accretion disk and the jet in dashed cyan and purple lines. According
to the AGN unification model (Antonucci 1993; Urry & Padovani 1995), we denote different AGN types at different inclination angles for
radio-loud and radio-quite cases with green arrows. See text for detailed explanations.
where Ctorus(θ) reflects the obscuration level of the accretion
disk light by the torus (Ctorus ∼ 1 for type-1 AGNs and ∼ 0
for type-2 AGNs) andCbeam(θ) is the flux boosting factor due
to realistic beaming. As the presumed inclination angle of
the jet to our line of sight increases from BL Lac, FSRQ to
SSRQ, the relative contribution of fAD,opt increases quickly.
For Narrow-Line Radio Galaxies (NLRG), although the abso-
lute strength of the jet variability is weaker than for the SSRQ
case, the optical light curve is dominated by the jet since the
accretion disk is obscured (Ctorus ∼ 0). In principle, both the
jet component and the accretion disk can provide UV-optical
energy to heat the torus and produce the mid-IR emission. As
they locate in different regions, the mid-IR dust reverberation
signals of the torus might be mixed with the two separated
time lags (∆tjet(opt) and ∆tAD). The relativistic beaming ef-
fects also apply to the jet IR emission, so the observed inte-
grated mid-IR emission can be written as
Fradio−loud,IR ≈ fAD,IR(t)+Cbeam(θ) fjet,IR(t)+
FAD,opt(t −∆tAD)+Fjet,opt(t −∆tjet(opt)),
(21)
where we use F (t −∆t) to denote the dust-reprocessed emis-
sion of the optical light f (t) with a time lag ∆t. Since the jet
is highly beamed and perpendicularly distributed, its illumi-
nation to the torus could often be ignored. As a result, the
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observed total IR emission can be further simplied into
Fradio−loud,IR ≈ fAD,IR(t)+Cbeam(θ) fjet,IR(t)+FAD,opt(t −∆tAD) .
(22)
Comparing it with the form of Fradio−loud,opt, if dominated by
different components, the optical and mid-IR light curves
could be uncorrelated (the jet component and accretion disk
have different variability patterns). This could explain the be-
havior of 3C 273 (as seen in Figure 11).
The situation for radio-quiet AGNs is much simpler; their
optical light curve is Fradio−quiet,opt ≈ Ctorus(θ) fAD,opt(t) and
their mid-IR light curve Fradio−quiet,IR ≈ fAD,IR(t)+FAD,opt(t −
∆tAD). When the nucleus is unobscured (Ctorus ∼ 1), we read-
ily observe the time lag ∆tAD, which reflects the light travel
time from the accretion disk to the torus, as demonstrated by
our dust reverberation mapping. However, if the nucleus is
obscured, the optical band could have a significant contribu-
tion from the host galaxy. Given the large beams used for
much of our visible data, in this situation it would be difficult
to extract the nuclear component accurately. To illustrate this
issue, consider the full sample observed at 24 µm, exclud-
ing the radio loud sources. 50% of the remaining sources are
2MASS quasars, which show varying amounts of AGN ob-
scuration (e.g., Cutri et al. 2002). Of the remaining sources,
40% are of types 1.8, 1.9, or 2 (from the NED database), again
indicating substantial obscuration.
5.1.4. Other Causes of IR Variations
Besides the radio-loud PG 1226+023 (3C 273), four other
PG objects — PG 0003+199, PG 0923+201, PG 1534+580,
and PG 1612+261 — have uncorrelated optical and mid-IR
variability. None of these objects are blazars or even radio-
loud, so it is unlikely that non-thermal emission contributes to
their IR variations. In addition, since all of these four objects
show blue optical continua and strong broad Balmer emission
lines, the optical light curve should delineate the variations of
the accretion disk. Consequently, their IR variations cannot
be the dust reverberation signals from a classical torus. We
cannot rule out the possibility that these objects have very
complicated dust structures (e.g., there are several polar dust
clouds or filaments) that cause reverberation signals with a
wide range of time lags with diverse luminosity weights —
for some configurations, the integrated IR light curve might
not show any variation pattern similar to the input optical sig-
nals. Nevertheless, there is no new mechanism involved in
this possibility – it still belongs to the dust reverberation sig-
nals.
Dynamical motion of the torus material could be another
possibility to cause AGN IR variability. Assuming the dusty
environment of an AGN can be described as a radiation-
driven fountain, Schartmann et al. (2014) explored the time-
resolved IR SEDs and argued for possible variations, but over
a timescale of 0.1 Myr. As their simulation indicates, there
could be significant but temporary dust in the line-of-sight
that is heated by the AGN, causing changes in the IR (by dust
emission) and optical flux (by dust extinction). On yearly
timescales, however, the turbulence/fountain argument cannot
explain the observed mid-IR variations of these four quasars
by merely moving dust clouds. Taking the typical velocities
of order 300–400 km/sec, the moving dusty clouds/filaments
could only travel a few 10−4 parsec, which would not change
the exposed solid angle significantly at a distance of a parsec
from the heating source.
However, there is a chance that dust grains could be evap-
orated when the dusty clouds/filaments move to an environ-
ment with strong radiation heating by the AGN or where an
outburst (which could be at a non-visible wavelength, e.g.,
X-rays) by the central engine evaporates dust in a formerly
‘safe’ environment. As a result, their IR emission could
be quickly reduced. In fact, the dust destruction timescale
around the sublimation region is estimated to be order of
10 days (Kishimoto et al. 2013), quick enough to produce
the mid-IR variation we see. Observed optical polarization
variability seen in objects like PG0050+124, PG1535+547
(Smith et al. 1997), and Mrk231 (Gallagher et al. 2005) on
timescales of less than a year may also be related to rapid sub-
limation events. In another paper, we will provide a detailed
study on how to explain these peculiar mid-IR variability fea-
tures with this possibility and discuss its broad implications.
In conclusion, (1) observed mid-IR variability on monthly
to yearly time-scales of most quasars is caused by dust rever-
beration signals that are correlated with the variations of the
accretion disk emission. The amplitude of the dust IR vari-
ability decreases quickly with increasing wavelength. (2) If a
jet is present and the system is viewed close to the line of sight
to the jet axis (e.g., FSRQ or blazar), non-thermal processes
dominate the IR variations with larger variation amplitudes
over shorter timescales. (3) Only a small subset of quasars
appears to have IR variability that does not fall into these two
categories, which might be explained by reverberation sig-
nals off structures other than the circumnuclear torus, or by
the motions of dusty clumps combined with the heating and
destruction of the constituent dust grains.
5.2. Constraints on the Torus Properties
5.2.1. Wavelength-dependent Torus Size and Issues with the
Classical Clumpy Model
To compare the torus sizes constrained through dust rever-
beration signals at different wavelengths, we fix the slope of
the time-lag vs. AGN luminosity relation to be 0.5, and re-
peat the fitting for W1 and W2-band measurements of the
PG quasars. The results can be found in Table 6. For the
67 objects with convincing dust time lags, we find that the
dust emission size ratios follow RW1 : RW2 = 1 : 1.2. As
suggested by Lyu et al. (2017), quasars having different in-
trinsic IR SED variations may be a reflection of different
torus structures. Therefore, we also compute separately the
corresponding ∆t—LAGN relations for normal, warm-dust-
deficient (WDD) and hot-dust-deficient (HDD) populations.
Discussion of how the torus size depends on SED type will
be expanded in Section 5.2.3. Here we simply assume all
AGNs have a similar torus structure.
We also make a similar correlation analysis for the K-
band reverberation signals of the 17 Seyfert-1 sample in
Koshida et al. (2014), finding a size ratio between K band
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Table 6. Results of Linear Regression of Lag-Luminosity Relation
Sample Observed Band <z> λrest Sample Size α β
(µm) (∆LAGN = 0.3 dex) (∆LAGN = 0.025 dex)
(1) (2) (3) (4) (5) (6) (7) (8)
Normal QSOs W1 0.145 2.95 44 2.13±0.04 2.21±0.01 0.5
W2 0.145 4.04 44 2.21±0.04 2.28±0.01 0.5
WDD QSOs W1 0.220 2.78 8 2.03±0.09 2.04±0.05 0.5
W2 0.241 3.72 7 2.10±0.09 2.12±0.05 0.5
HDD QSOs W1 0.122 3.01 15 1.97±0.07 1.98±0.04 0.5
W2 0.122 4.12 15 2.08±0.07 2.08±0.04 0.5
All QSOs W1 0.149 2.94 67 2.08±0.03 2.19±0.01 0.5
W2 0.149 4.03 66 2.16±0.03 2.27±0.01 0.5
Seyfert-1 K 0.038 2.11 17 1.88±0.05 1.93±0.02 0.5
The fitted model is log(∆t) = α+β log(LAGN).
NOTE—Col. (1): sample information; Col. (2): the studied photometry band; Col. (3): the average redshift of the sample;
Col. (4): the effecive rest-frame wavelength that the observations are probing; (5): number of sample objects; Col. (6):
derived α assuming the same 0.025 dex uncertainty of LAGN for all objects; Col. (7): similar to Col. (5) but the uncertainty
is assumed to be 0.3 dex; Col. (8): β is fixed to 0.5.
and W1 band of RK : RW1 = 0.6 : 1. In Appendix C.1, we
present the SED decomposition results of these Seyfert-1 nu-
clei and estimate that half of the sample should have intrinsic
IR SEDs best-described by the normal AGN template. This
value is similar to the 60− 70% normal AGN fraction in the
PG quasar sample (Lyu et al. 2017). As a result, the AGN
dust emission size differences at K and W1 bands are un-
likely to be related to the different AGN IR SED types. To
test whether the results depend strongly on the uncertainties in
the AGN luminosity estimate, we changed the uncertainty of
LAGN from 0.3 dex to 0.025 dex (the latter value corresponds
to the typical V-band magnitude uncertainty of Seyfert-1 nu-
clei in Koshida et al. 2014) and repeated the fits. The ∆t –
LAGN correlations shift by 0.05-0.1 dex, but the size ratios
between K, W1 and W2 are not significantly affected, i.e.,
RK : RW1 : RW2 = 0.6 : 1 : 1.2.
The poor time sampling of the 24 µm observations prevents
us from deriving any torus size through reverberation map-
ping. On the other hand, the lack of variability at this wave-
length is most readily explained if the torus zone dominating
the 24 µm emission is much larger than the zone producing
the bulk of the flux observed at W1 and W2. In this case, the
time lags have a large range so that the variability is smoothed
out.
These observational results provide some challenges to
the predictions based on the classical "clumpy" torus pic-
ture. Almeyda et al. (2017) simulated the IR reverberation
response of such a torus model and suggested that the dust
time lags at 3–5 µm have very limited wavelength depen-
dence (see their section 4.1). In addition, their model also pre-
dicted substantial reverberation signals at 10 and 30 µm (see
their Figure 5). These conclusions are expected with their ba-
sic model assumption: from the illuminated face to the dark
side, the same optically-thick clouds can have a broad tem-
perature distribution that results in IR emission over a wide
wavelength range. However, this picture is not favored by
our observations. Given the typical redshift of the sources
we have observed at 24 µm, the rest wavelength is ∼ 20 µm.
Interpolating their results at 10 and 30 µm for an extended
clumpy torus, the same model would predict a peak response
at the wavelength of our observations of about 35% of the re-
sponse at rest 3.6 and 4.5 µm. In contrast, we have found that
the response at 24 µm is an order of magnitude smaller than
that at (observed) 3.4 and 4.5 µm.
Rather than being purely clumpy, the torus is likely to be
a mixture of optically-thick dusty clouds and some diffuse
distribution of low-density dust. Such a structure is likely be-
cause clumps at the inner edge of the torus are not likely to
be completely stable against gravitational shearing and hence
must be sustained as a result of turbulence or similar ef-
fects. In fact, it is known that the clumpy torus model (e.g.,
Nenkova et al. 2008) alone can not reasonably fit the ∼ 3 µm
hot dust emission peak among quasars and another blackbody
with T ∼ 1300K needs to be added (e.g., Mor et al. 2009;
Leipski et al. 2013). In contrast, the two-phase (clumps + dif-
fuse dust) torus model developed by Stalevski et al. (2012,
2016) does not have this problem and appears to reproduce
the AGN hot dust emission features.
Previous work has often argued that a single black body
plus a power-law SED is enough to reproduce the quasar con-
tinuum at λ∼0.5–3 µm (e.g., Glikman et al. 2006; Kim et al.
2015; Hernán-Caballero et al. 2016). Since dust temperature
is a strong function of distance, the dust grains responsible
for the λ ∼1–3 µm emission should be located at similar
radii. However, our study finds contradictory evidence with
RK : RW1 = 0.6 : 1 and indicates a complicated picture. In-
terestingly, under the assumption of similar grain sizes, the
sublimation radii for graphite and silicate dust grains have
Rsub,C/Rsub, S ∼ 0.5 (see Section 4.2), very close to the re-
ported RK : RW1 ∼ 0.6. Future work should address whether
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this possibility can be supported by other evidence, as well as
folding in the constraints on torus structure provided by the
relative lack of variability at 24 µm.
5.2.2. Surface Density Profiles of the Hot Dust Emission
Previously, the radial structures of AGN tori have been ex-
plored at 8–13 µm only by long-baseline infrared interfer-
ometry observations of < 10 Seyfert nuclei (Kishimoto et al.
2009, 2011). Assuming a power-law radial surface den-
sity distribution of heated dust, the profile ranges from ∼
r0 to ∼ r−1, and might be dependent on AGN luminosity
(Kishimoto et al. 2011). However, it is likely that most of
these objects have some contribution of extended polar dust
emission in the mid-IR ( fpol,10µm/ ftotal,10µm ∼ 0.3− 0.8 esti-
mated from SED analysis in Lyu & Rieke 2018), so the real
density profile of the compact torus at these wavelengths is
still highly uncertain.
With the measurements of variability amplitude differences
between the optical and IR light curves, crude constraints on
the dust surface density profile can be calculated with some
simple approximations.
For simplicity, we assume the dust sublimation zone is
smooth (i.e., not clumpy) and that its surface density profile
can be described by a power-law Σ(r) ∝ rα. In addition, the
dust grains in the sublimation zone will have only a mod-
est range of temperature given that the AGN hot dust emis-
sion feature is well-matched by a single black body spectrum
(e.g., Mor et al. 2009). Furthermore, the dust grains will be
hot enough that the temperature-dependence of their emis-
sion will be modest (i.e., they approach the Rayleigh-Jeans
regime). Therefore, we can ignore the radial dependence of
the temperature and express the IR emission as:
fIR ∝
∫
Σ(r)rdr ∝ rα+2 . (23)
Since the hot dust time lag has been found to be linearly cor-
related with the square root of AGN luminosity, we can argue
that the dust distance r is correlated to the AGN optical lumi-
nosity by the inverse square law, r ∝ L0.5opt, so
fIR ∝ f
(α+2)/2
opt . (24)
When the optical flux fopt is changed to f ′opt by a factor of ξ,
the corresponding IR flux changes from fIR to f ′IR and
f ′IR
fIR
=
(
f ′opt
fopt
)(α+2)/2
= ξ(α+2)/2 . (25)
With our RM model, the absolute flux change in the IR is
correlated with that in the optical according to Equation 4,
∆ fIR = f ′IR − fIR = AMP× (ξ −1) fopt . (26)
We can rewrite Equation 25 as
1+AMP(ξ−1)
fopt
fIR
= ξ(α+2)/2 . (27)
Table 7. Parameters related to the torus radial density
profiles
Parameter K W1 W2
< λrest > /µm 2.1 3.0 4.1
∆MIR 0.48±0.33 0.19±0.11 0.16±0.09
AMP 4.65±3.07 4.65±3.51 4.68±3.47
fIR/ fopt 4.16 6.90 9.49
α 0.3 -0.7 -1
The IR variability can be characterized by magnitude change
∆MIR,
∆MIR = −2.5log
(
f ′IR
fIR
)
. (28)
Finally we have
α = 2
(
log
(
10−∆MIR/2.5
)
log
(
1+ (10−∆MIR/2.5 −1)( fIR/ fopt)AMP−1
) −1
)
,
(29)
where fIR/ fopt is the infrared to optical color of the AGN
SED.
We summarize the mean values of ∆M and AMP of
Seyfert-1 AGN and PG quasar samples in Table 7. Assuming
a normal AGN template, the characteristic dust surface den-
sity profiles are found to be r0.3 in K, r−0.7 in W1 and r−1.0
in W2. Such a result suggests that the surface density gra-
dient of sublimating dust increases gradually with radius at
2.0 µm, reaches a peak after that, and drops quickly at longer
wavelengths.
5.2.3. Normal Quasars versus Dust-deficient Quasars
Lyu et al. (2017) showed that the intrinsic IR SEDs of PG
quasars can be grouped into normal, WDD and HDD popula-
tions that are likely associated with different torus structures.
Now we discuss if such arguments are supported by the dust
reverberation results. Considering the relatively small num-
bers of dust-deficient quasars in our PG sample, we reduce
the number of free parameters by assuming that the time lag
goes exactly as the square root of the luminosity (i.e., β = 0.5)
to facilitate comparisons of the time lag - AGN luminosity re-
lations for the different quasar types. The fitted parameters
can be found in Table 6. At the same AGN luminosity, WDD
and HDD quasars appear to have smaller time lags (see also
Figure 9), suggesting a more compact hot dust emission zone.
In Figure 14, we compare the variation amplitudes and
time lags for different populations of quasars. First, there
is no strong correlation between these two properties. The
HDD quasars have relatively smaller variation amplitudes
compared with normal quasar population, as expected from
their different SED features. However, the WDD quasars do
not show much of a difference. This is possibly related to
their similar SEDs to normal quasars at these wavelengths.
We have carried out Kolmogorov-Smirnov (K-S) tests to
check if the distribution of the variation amplitudes and time
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Figure 14. The distribution of variation amplitudes and time lags for
normal (grey), WDD (green) and HDD (red) quasars.
Table 8. K-S probabilities of the HDD and
WDD quasars against normal quasars
Measurement HDD WDD HDD+WDD
W1 AMP 0.009* 0.315 0.014
W1 lag 0.947 0.046 0.439
W2 AMP 0.005 0.227 0.005
W2 lag 0.949 0.351 0.847
∗We indicate significant differences (p < 0.01) in
bold.
lags among dust-deficient quasars and normal quasars are dif-
ferent at a significant level. The K-S probabilities that de-
scribe the likelihood that the two samples do not differ signif-
icantly can be found in Table 8. As demonstrated in Lyu et al.
(2017), the distribution of AGN luminosities among HDD
quasars is not significantly different from that for normal
quasars. For the mid-IR time lags, the K-S probabilities of
the HDD against normal quasars are close to unity (p∼ 0.95).
In other words, the time lag distributions of the W1 and W2
bands between the HDD population and the normal popula-
tion are similar (but their dependences on AGN luminosity
are different, as shown in Table 6). However, the variation
amplitude distribution between HDD and normal quasars are
significantly different (p ∼ 0.009 for W1 and p ∼ 0.005 for
W2), which can be expected if HDD quasars have fewer hot
dust grains heated by the AGN, as previously proposed based
on SED features in Lyu et al. (2017). For WDD quasars, al-
though the K-S test results do not support any significant dif-
ferences with normal quasars, the situation is uncertain since
WDD quasars have higher redshifts and higher luminosities.
These two features would impact the observed torus size in
the opposite directions, hindering meaningful comparisons.
5.3. Relation between Dusty Torus and Broad-line Regions
In the classical AGN unification scheme, the broad-line
region (BLR) is dust-free and relatively small, well-separated
from the outer dusty torus (Antonucci 1993; Urry & Padovani
1995). In recent years, proposals have been made that
the BLR is a failed dusty wind from the outer accre-
tion disc (Czerny & Hryniewicz 2011). Under this picture,
Baskin & Laor (2018) explored the expected dust properties
and correspondingBLR structure, and argued for the presence
of large graphite grains (a & 0.3µm) down to the observed
size of the BLR. By comparing the reverberation mapping
analysis of the BLR and dusty torus sizes, these statements
can be tested.
Previous comparisons of K-band and the UV-optical
emission-line time lags relative to the optical continuum have
suggested the torus inner radius is larger than the BLR region,
with RBLR ∼ 0.5RTOR, K for Seyfert-1 nuclei (Suganuma et al.
2006; Koshida et al. 2014). This result was obtained by com-
paring the time lag - AGN luminosity correlation for the BLR
and torus from different samples. A very small number of
objects have size estimates of both the torus (in the near-IR
band) and the BLR from dust and emission line reverber-
ation mappings at similar observing epochs. Clavel et al.
(1989) reported RBLR,MgII/RTOR, K ∼ 0.4 for Fairall 9, a bright
quasar with LAGN, bol ∼ 3×1012L⊙. Pozo Nuñez et al. (2015)
found RBLR,Hα/RTOR, K ∼ 0.4 for PGC 50424, a Seyfert-1 nu-
cleus with LAGN, bol ∼ 3× 1010 L⊙. Ramolla et al. (2018)
studied the optical and near-IR time lags of 3C 120, a
type-1 AGN with LAGN, bol ∼ 4× 1011 L⊙, and argued for
RBLR,Hα/RTOR, K ∼ 0.7.
With our mid-IR reverberation analysis and previous BLR
size measurements of the PG sample, we can explore the
BLR and torus relation in a large sample of bright quasars.
Kaspi et al. (2000) studied the variations in the optical Balmer
emission lines and the continuum emission of 28 PG quasars,
and reported time lag measurements for 17 objects. Among
these 17 objects, we have detected mid-IR time lags in 15.
The results are summarized in Table 9. The mean value of
∆tBLR/∆tTOR,3.0 µm ∼ 0.23± 0.10, with the maximum value
0.44, minimum value at 0.06 and the median at 0.23.
In Figure 15, we explore if there are correlations between
∆tBLR and∆tTOR, W1. Linear fits result in:
∆tBLR,Hα = (0.37±0.06)∆tTOR,W1+ (−43.00±26.49) , (30)
and
∆tBLR,Hβ = (0.28±0.05)∆tTOR,W1+ (−44.18±21.98) . (31)
In log-log space, we find
∆tBLR,Hα = 10−2.64±0.29(∆tTOR,W1)1.77±0.11 , (32)
and
∆tBLR,Hβ = 10−4.12±0.26(∆tTOR,W1)2.27±0.09 (33)
.
Given the mean value of ∆tBLR/∆tTOR,3µm ∼ 0.23 for the
PG quasars and ∆tTOR,K/∆tTOR,W1 ∼0.6 from our fits of
Koshida et al. (2014) measurements (Section 4.2), we find
RBLR/RTOR, K ∼ 0.4. This result statistically confirms the val-
ues obtained in the three cases discussed above. It suggests
that the BLR region is only slightly smaller than the size of
the K-band dust emission, providing strong support for the
picture proposed by Baskin & Laor (2018) that large graphite
dust grains might survive down to RBLR and that the very hot
dust emission comes from regions very close to the BLR.
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Table 9. Time lag comparison of BLR and mid-IR dust for 12 PG quasars
Name Type log(LAGN, bol/L⊙) ∆tHα ∆tHβ ∆tW1 ∆tBLR/∆tTOR, W1
PG 0026+129 HDD 12.44 132+29
−31 125
+29
−31 577.0±20.4 0.47
PG 0052+251 HDD 12.56 211+66
−44 99
+30
−31 360.0±75.1 0.58
PG 0804+761 WDD 12.55 193+20
−17 151
+26
−24 659.9±40.4 0.30
PG 8444+349 HDD? 11.87 39+16
−16 13
+14
−11 224.0±26.4 0.17
PG 0953+414 WDD 12.93 187+27
−33 913.0±68.7 0.20
PG 1211+143 NORM 12.13 116+38
−46 103
+32
−44 365.6±22.4 0.32
PG 1229+204 NORM 11.53 71+39
−46 36
+32
−18 266.3±2.3 0.27
PG 1307+085 HDD 12.16 179+94
−145 108
+46
−115 357.6±25.2 0.50
PG 1411+442 NORM 12.02 103+40
−37 118
+72
−71 441.7±26.2 0.27
PG 1426+015 NORM 12.09 90+46
−68 115
+49
−68 264.0±34.3 0.44
PG 1613+658 NORM 12.42 43+40
−22 44
+20
−23 371.9±86.3 0.12
PG 2130+099 NORM 11.90 237+53
−28 525.3±18.5 0.45
Figure 15. Comparison of the infrared light lags in the WISE W1
band (∼ 3.4 µm) from this work and the broad emission line lags
of 17 PG quasars from Kaspi et al. (2000). We fit linear functions
for Hβ lag vs. W1 lag (blue dots) and Hα lag vs. W1 lag (black
dots) separately, shown as blue and black dashed lines (see text for
details). The red dotted line represents where the torus IR time lags
equal the BLR time lags.
6. Summary
We present the first statistical mid-IR dust reverbera-
tion mapping study of the quasar torus with an innovative
usage of the long-term time-series data from the mid-IR
WISE/NEOWISE mission and several optical transient sur-
veys (CRTS, ASAS-SN and PTF) over a timescale of about 8
yr. Compared with previous dedicated targeted observations,
the data in these public archives have various complications
and uncertainties. We have developed procedures to maxi-
mize the usefulness of these data and characterize the dust
reverberation signals by comparing the mid-IR and optical
light curves with a simple linear model. The success of this
approach has been demonstrated by our detection of mid-IR
time dust lags to the optical variation signals in 67 out of
87 z < 0.5 PG quasars. Most of the remaining quasars have
data quality issues or featureless mid-IR light curves, making
analysis ambiguous. Our key results for AGN variability at
1–3 µm are as follows.
1. The majority of PG quasars (∼ 77%) have convincing
dust reverberation signals with time-lags that follow the
expected ∆t ∝ L0.5AGN relation. For the WISE W1 and
W2 filter bandpasses, we find
∆ttorus,W1/day = 102.10±0.06(LAGN,SED/1011L⊙)0.47±0.06
and
∆ttorus,W2/day= 102.20±0.06(LAGN,SED/1011L⊙)0.45±0.05 .
Combined with previous studies in the near-IR, the
AGN IR time lags share the same scaling relation with
AGN luminosity over four orders of magnitude, in-
dicating that similar circumnuclear dust structures are
common to AGNs;
2. By combining our mid-IR results of PG quasars
and previous K-band analysis of Seyfert-1 nuclei by
Koshida et al. (2014), we provide the first multiwave-
length torus size constraints. Assuming the same
∆t ∝ L0.5AGN relation for different bands, we find average
time lag ratios of ∆tK : ∆tW1 : ∆tW2 ∼ 0.6 : 1.0 : 1.2
(λrest ∼2.1, 2.9, 4.0 µm);
3. With the variability amplitudes derived from reverbera-
tion model fitting, it is possible to put some crude con-
straints on surface density profiles of AGN-heated hot
dust grains. We find Σ(r)∝ r0.3 at K-band,Σ(r)∝ r−0.7
at WISE W1-band and Σ(r) ∝ r−1.0 at W2-band, indi-
cating the concentration of the hottest dust grains in the
innermost regions of the torus;
4. For the same AGN luminosity, the mid-IR emission re-
gion sizes of dust-deficient quasars are only 60–70% of
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those found for normal quasars. In addition, their rel-
ative size differences in the WISE W1 and W2 bands
are smaller, possibly indicating compact dust struc-
tures. Meanwhile, the difference between the optical
and mid-IR variability amplitudes are smaller for hot-
dust-deficient quasars than for normal quasars, indicat-
ing a smaller amount of dust reprocessing the accretion
disk emission. On the other hand, there is no differ-
ence in the ratio of mid-IR to optical variability ampli-
tude between warm-dust-deficient and normal quasars.
These results are roughly consistent with their SED fea-
tures and support their different torus structures as ar-
gued by Lyu et al. (2017);
5. Using previous measurements of BLR size measure-
ments in the literature, the mean value of RBLR/Rtorus,W1∼
0.23± 0.10. Given that the relative IR time lags be-
tween W1 and K bands, RBLR/Rtorus,K ∼ 0.4, indicating
that the dust torus is located just outside of AGN BLRs.
With the multi-epoch infrared data from Spitzer and WISE,
we also studied the AGN variability behavior at 10–24 µm
and explored its relationship to that at 3–5µm. The most im-
portant results are:
6. With very few exceptions, significant AGN IR variabil-
ity at λ & 10 µm is only found among blazars and/or
flat-spectrum radio sources (FSRQs). Considering the
limited number of 24 µm observations, it is likely that
all of these sources vary in the mid-IR. In contrast
with blazars and FSRQ, we have found only one steep-
spectrum radio quasar (SSRQ) to probably be variable
at 24 µm. Such a difference can be explained under
the radio-loud AGN unification scheme. Since SSRQs
have larger inclination angles to our line of sight com-
pared with FSRQs, realistic beaming effects greatly en-
hance the variability of the latter population.
7. Besides blazars and FSRQs, the vast majority of AGNs
do not show variability at 24µm. That is the IR variabil-
ity amplitude decreases quickly as a function of wave-
length. Compared with W1 band, the W2 band vari-
ability is reduced to 90% and the 24µm is less than
10%. Given the fact that typical W1-band variation
RMS.0.1 mag for most quasars, the corresponding
flux change at∼ 24 µm is no more than 0.01 mag. Only
in very rare cases is a possible dust reverberation signal
detected (e.g., PG 1535+547).
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Appendix
A. Photometric Stability
None of the CRTS, ASAS-SN and WISE/NEOWISE mis-
sions has put AGN variability study as its main science ob-
jective; thus, we need to assess the noise characteristics of
their photometric measurements. For our time-series analy-
sis, a clear idea of the instrument photometric stability is of
paramount importance. With careful selections of photomet-
ric standard stars in the optical and mid-IR bands, we con-
struct the light curves of non-variable sources and explore the
systematics and noise characteristics in this appendix.
30 LYU, RIEKE & SMITH
A.1. Optical Data from CRTS and ASAS-SN
From the Optical and UV Spectrophotometric Standard
Stars web page at ESO,12 we have selected 15 stars to study
the optical photometric stability of the CRTS and ASAS-SN
data. Besides GD 108, a sub-dwarf, all of these stars are white
dwarfs. We have compiled their optical measurements from
the CRTS and ASAS-SN archives and constructed the cor-
responding optical light curves. Since the CRTS data were
taken without a photometric filter, we matched the CRTS light
curve to those derived from ASAS-SN by introducing a con-
stant offset. We also rejected photometry outliers that showed
a discrepancy of> 0.5mag from the average values. The final
light curves are plotted in Figure 16.
We calculate the mean magnitudes and the root-mean-
square (RMS) offsets of the CRTS and ASAS-SN light curves
separately and summarize the results in Table 10. Besides the
uncertainties caused by standard photometry measurements,
any issues with system stability can further increase the ob-
served magnitude RMS offset, and these values could be re-
lated as
RMS2M−M¯ = RMS
2
∆M +σ
2
s.s. . (A1)
On average, we get σs.s. ∼ 0.018 mag for ASA-SN data and
σs.s. ∼0.023 mag for CRTS data.
A.2. Mid-IR from WISE/NEOWISE
With theWISE/NEOWISE catalogs, we examined the pho-
tometric stability of W1 and W2 bands as a function of time.
Fourteen mid-IR standard stars from the Spitzer/IRAC pri-
mary calibrators13 and WISE (W1, W2) Calibration stars14
were chosen for this purpose. The constructed mid-IR light
curves can be seen in Figure 17. We summarize the RMS
magnitude offsets and RMS errors of W1 and W2 bands dur-
ing theWISE and NEOWISE mission in Table 11.
With equation A1, we get σs.s. ∼ 0.029 mag for WISE and
0.016mag for NEOWISE. Since we have averaged the 10∼20
observations for the mid-IR light curve construction (Sec-
tion 2.2.2), the contribution to the measurement uncertainties
from the system instability is expected to be <0.009 mag for
WISE and < 0.005 mag for NEOWISE.
B. A simple model for relating time lags to the torus
structures
As shown in Figure 18, we consider a thin dust shell with
a half opening angle ΩTOR that surrounds the accretion disk.
We also assume that a single WISE band traces the IR emis-
sion from dust at some similar distance, R, to the accretion
disk. Placing the axis of symmetry along the z-axis, we have
a dusty layer with r = R, θ = [ΩTOR,pi−ΩTOR] and φ = [0,2pi).
The observer is located at an observing angle of ΩLOS to the
z-axis and parallel to the z-y plane.
Now imagine a plane that is perpendicular to the observ-
ing angle and also tangent to the dusty sphere, which can be
12 http://www.eso.org/sci/observing/tools/standards/spectra/stanlis.html
13 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/17/
14 http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4ht7.html
described by the function
[sinΩLOS]y+ [cosΩLOS]z−R = 0 . (B2)
It takes time, R/c for emission from the accretion disk to
reach this plane.
For a point on the dusty sphere with coordinates (x,y,z) =
R(sinθ cosφ,sinθ sinφ,cosθ), the light travel distance would
be
l = R+ |R[sinΩLOS sinθ sinφ+ cosΩLOS cosθ −1]| (B3)
= R[2− sinΩLOS sinθ sinφ− cosΩLOS cosθ] . (B4)
An average time lag of all elements on that sphere is given by
< t > =
∫
wlds
c
∫
ds
(B5)
=
∫ 2pi
0
∫ pi−ΩTOR
ΩTOR
wlRsinθdθdφ
c
∫ 2pi
0
∫ pi−ΩTOR
ΩTOR
Rsinθdθdφ
, (B6)
where w is the weight of each element, which is dependent on
the dust optical depth in the IR band along the LOS and the
local strength of dust emission. If the emission is optically
thin and homogeneously distributed, we have w = 1, so
< t > =
∫ 2pi
0
∫ pi−ΩTOR
ΩTOR
R[2− sinΩLOS sinθ sinφ− cosΩLOS cosθ]R sinθdθdφ
c
∫ 2pi
0
∫ pi−ΩTOR
ΩTOR
R sinθdθdφ
(B7)
=
2R
c
. (B8)
Consequently, the average time lag between the surrounding
dusty torus shell and the accretion disk is
∆t =
R
c
, (B9)
This means the time lag is not dependent on the viewing angle
in the optically thin case.
If the dusty torus is extremely optically thick, we can only
see flux from the edge of the structure that is exposed to the
observer. When the observer is looking through the torus
opening angle (type-1; ΩLOS < ΩTOR), the time lag can be
easily calculated to be
∆t =
R
c
(1− cosΩLOS cosΩTOR). (B10)
It is straightforward to prove the time lag in this situation will
always be shorter than the optically-thin case for the same R.
In true physical situations where the torus dust is not per-
fectly optically thin or optically thick in the mid-IR, we
should have
R
c
>∆t >
R
c
(1− cosΩLOS cosΩTOR) (B11)
Knowing the fraction of type-2 objects in the quasar popula-
tion (∼0.5–0.6; Reyes et al. (2008)), we have roughlyΩTOR =
pi/3 and
R
c
>∆t & 0.5
R
c
(B12)
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Table 10. Measurements of Optical Standard Stars
Name MV CRTS ASAS-SN
M¯ RMSM−M¯ RMS∆M M¯ RMSM−M¯ RMS∆M
(1) (2) (3) (4) (5) (6) (7) (8)
HZ43 12.91 12.577 0.092 0.009 12.687 0.023 0.015
GD153 13.35 13.371 0.036 0.011 13.384 0.041 0.022
NGC7293 13.51 13.527 0.065 0.013 13.534 0.035 0.030
GD108 13.56 13.551 0.034 0.012 13.548 0.039 0.027
HZ2 13.86 13.902 0.051 0.012 13.882 0.053 0.034
GD50 14.06 14.070 0.021 0.013 14.068 0.052 0.038
BPM16274 14.20 14.285 0.040 0.018 14.257 0.051 0.047
HZ4 14.52 14.555 0.016 0.017 14.568 0.066 0.048
HZ21 14.68 14.646 0.022 0.019 14.670 0.077 0.054
G158-100 14.89 14.968 0.022 0.018 14.980 0.109 0.076
GD248 15.09 15.170 0.025 0.020 15.146 0.102 0.083
LB227 15.34 15.326 0.038 0.019 15.324 0.101 0.083
SA95-42 15.61 15.567 0.040 0.023 15.581 0.156 0.123
G193-74 15.70 15.732 0.019 0.023 15.743 0.156 0.130
G138-31 16.14 16.461 0.297 0.245 16.594 0.195 0.177
NOTE—Col. (1): star name; Col. (2): V-band magnitude given in the ESO standard star list;
Col. (3): mean magnitude of all CRTS measurements, an offset is included to match the
CRTS light curve; Col. (4): RMS value for all the magnitude deviations relative to the mean
magnitude for CRTS data; Col. (5): RMS value for all magnitude errors reported in the
CRTS catalog; Col. (6)-(8): similar to Col. (3)-(5) but for ASAS-SN data.
Table 11. Measurements of Mid-IR Standard Stars
Name W1 band W2 band
ALLWISE NEOWISE ALLWISE NEOWISE
M¯ RMSM−M¯ RMS∆M RMSM−M¯ RMS∆M M¯ RMSM−M¯ RMS∆M RMSM−M¯ RMS∆M
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
KF09T1 8.055 0.038 0.024 0.022 0.016 8.123 0.037 0.021 0.022 0.016
NPM1+66.0578 8.237 0.041 0.024 0.020 0.016 8.323 0.032 0.021 0.020 0.016
KF05T1 8.767 0.035 0.024 0.019 0.016 8.863 0.027 0.022 0.019 0.016
KF03T2 8.891 0.029 0.024 0.020 0.016 9.007 0.033 0.022 0.020 0.016
HD271776 9.647 0.032 0.024 0.023 0.016 9.671 0.034 0.022 0.023 0.016
WOH_G642 9.229 0.042 0.024 0.021 0.016 9.319 0.036 0.022 0.021 0.016
HD270485 9.248 0.030 0.025 0.031 0.016 9.277 0.052 0.022 0.031 0.016
KF03T1 9.858 0.033 0.025 0.022 0.016 9.952 0.049 0.023 0.022 0.016
KF03T4 10.019 0.034 0.025 0.021 0.016 10.155 0.035 0.023 0.021 0.016
KF02T3 10.223 0.037 0.025 0.028 0.017 10.332 0.035 0.025 0.028 0.017
KF06T3 10.298 0.030 0.025 0.022 0.017 10.410 0.032 0.025 0.022 0.017
KF06T1 10.832 0.036 0.026 0.023 0.018 10.912 0.039 0.027 0.023 0.018
KF08T3 10.946 0.033 0.027 0.021 0.018 11.020 0.039 0.028 0.021 0.018
KF06T2 11.072 0.031 0.026 0.031 0.018 11.179 0.042 0.029 0.031 0.018
NOTE—Col. (1): star name; Col. (2): average W1 magnitude of all WISE/NEOWISE measurements; Col. (3): RMS magnitude offset
relatively to the mean W1 magnitude for measurements taken during the ALLWISEmission; Col. (4): RMS value of all the W1 magnitude
errors reported in the ALLWISEMultiepoch Photometry Table; Col. (5)-(6): similar to Col. (3)-(4) but for W1 measurements taken during
the NEOWISE mission; Col. (7)-(11): similar to Col. (2)-(6), but for W2 band measurements.
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Figure 16. Optical light curves of 15 optical spectrophotometric standard stars. The CRTS data are in green and the ASAS-SN data are in
black.
Figure 17. WISEW1 (left) and W2 (right) light curves of 14 IR calibration standard stars
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Figure 18. Geometry of a dusty shell with a radius r from the origin
(accretion disk) and a half opening angle ΩTOR. The observer has a
viewing angle ΩLOS.
In other words, a naive size estimation from c∆t could
slightly underestimate the true physical size up to a factor of
two. For a single ring with θ = θ0, the range of time lags, ∆t,
is given by
max(∆t)−min(∆t) =
2R
c
sinΩLOS sinθ0 . (B13)
For a complete shell,
max(∆t)−min(∆t) =
2R
c
cos(ΩTOR −ΩLOS) . (B14)
Finally, the standard deviation of the time lag ∆t for a dusty
shell
σ(∆t) =
R
c
√
1
3
cos2ΩTOR +
1
2
sin2ΩLOS sin
2
ΩTOR . (B15)
This can introduce a smoothing effect on the integrated IR
reverberation light curves, whose strength is proportional to
the torus size (or time lag∆t)
C. A Revisit of the Koshida et al. Sample
C.1. SED Analysis
For consistency with the luminosity estimates for the PG
sample, we examined the broad-band IR SEDs of the Seyfert-
1 sample presented by Koshida et al. (2014) with the decom-
position model introduced in Lyu & Rieke (2018). The total
IR emission is assumed to be a linear combination of the con-
tributions from three components: AGN-heated dust, near-IR
starlight and mid-to-far IR emission from HII regions within
the host galaxy. To reduce the ambiguity of interpretation, we
have used well-tested empirical templates to describe each
component. For the AGN templates, we first used the three
types of intrinsic AGN SEDs proposed in Lyu et al. (2017) to
represent the intrinsic variations of the torus. We also allow
obscuration by an IR optically-thin extended dust distribution
of large grains and the corresponding IR reprocessed emis-
sion. The latter component has been shown to be a valid ex-
planation for the AGN polar dust emission seen by mid-IR in-
terferometry analysis (see details in Lyu & Rieke 2018). We
used χ2 minimization to determine the final best-fit model.
The dust-deficient AGN template was selected only when it
improved the χ2 value by a factor greater than two compared
with the normal AGN template.
The results can be seen in Figure 19. About half of the
Koshida et al. (2014) sample have been identified as WDD
AGNs and the other half are normal AGNs. With the de-
rived intrinsic AGN SEDs, we calculated the AGN bolomet-
ric luminosities following Section 4.2.1 and summarized the
results in Table 12. As shown in Figure 20, the results are
consistent with those converted from the observed V -band
measurements provided in Koshida et al. (2014), yielding an
average LAGN bol, SED/LAGN bol, V = 0.98± 0.03.
C.2. Time Lag Measurements
To determine if our time-lag measurements are significantly
different from those determined by traditional CCF analysis,
we apply the model introduced in Section 3.2 to fit the high-
cadence light curves of 17 Seyfert-1 nuclei in Koshida et al.
(2014) and present our measurements of the K-band time lags
in Table 12. In Figure 21, we compare the results from these
two approaches. Except for Mrk 590 and Akn 120, most mea-
surements are consistent with each other, and the average dif-
ference is < 10%. This suggests that the RK/RW1 ∼ 0.6 is not
caused by the systematics from the different measurement ap-
proaches.
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